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Two thirds of all primary energy are converted into waste heat causing thermal pollu-
tion and economic loss. The heat is emitted at different temperatures, but most of it
is 100 °C and below, where it is more difficult for another process to use it. This work
concerns the utilisation of waste heat < 100 °C for desalination and the generation of
electricity in the Reverse Electrodialysis Heat-to-Power process. The process combines
a Reverse Electrodialysis membrane stack RED with a thermal desalination system in
a closed loop. Two salt solutions at different concentrations circulate between them;
the RED unit generates electricity, while the thermal desalination unit restores the salt
concentration difference between the two solutions.
The thermodynamics of salt solutions are fundamental to the process and were experi-
mentally assessed using a Barker’s cell to determine saturation pressures and tempera-
tures. Novel salt solutions for K, Li and Cs acetate salts are measured and the results
have been presented in a joint publication with the Università degli Studi di Palermo,
Italy. The results were fitted to the Pitzer model for further process modelling of both
RED and desalination. The salt measurements were conducted for T = 10-90 °C in
increments of 10 °C and concentrations 2-8 mol/kg resulting in boiling point elevations
up to 12 °C.
Different common desalination methods were identified and have been modelled in
Matlab and UniSim to compare their performance. The Matlab models used the Pitzer
parameters from either the literature or the previous investigation on the novel salt
solutions. UniSim was used in combination with the OLI electrolytes package allowing
UniSim to access precise salt properties for established salts.
Multi-effect distillation is the best performing, benchmarking desalination method as
the Specific Thermal Consumption increases with the number of effects ranging from
25 kWh/m3 for large systems (27 effects) to 150 kWh/m3 for compact systems (5 ef-
fects). Absorption vapour compression desalination was identified as another promis-
ing desalination method with a simpler process design than multi-effect distillation. A
UniSim model has shown that the performance of the system is constant at 250 kWh/m3
and almost independent of the salt concentration.
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The focus of this work is adsorption desalination as it has the simplest process scheme
of all desalination methods with a minimum of moving parts and pumps. Experimental
systems in the literature have proven the feasibility of the process, but all systems are
very large in size with the best performing system using 144 kg of silica gel. The large
size makes it difficult to test novel adsorption materials and system components, which
is necessary to advance the technology. Thus, an experimental adsorption desalinator
was designed and build with 0.025 - 0.4 kg adsorption material capacity. In addition,
the system can also be used as an adsorption chiller. The first set of experiments was
conducted using silica gel showing that the small size is not detrimental to the system
performance. A maximum Specific Daily Water Production SDWP of 10.9 kgw/(kgsgd)
was experimentally obtained at 80 °C, which is one of the best results ever reported for
silica gel. A full characterisation of the test rig using silica gel was presented in two pub-
lications highlighting the novelty of the small scale, novel analysis methods (e.g. cycle
analysis, thermal response) and regeneration temperatures as low as 40 °C. In addition,
an ionogel adsorption material was analysed in a water adsorption process for the first
time. The novel material is composed of a silica gel support structure impregnated with
an ionic liquid. The ionic liquid was chosen based on an equilibrium data screening
that identified 1-Ethyl-3-methylimidazolium acetate as best for the application. Ex-
periments in the test rig showed that the ionogel can be regenerated using a waste heat
source of 25 °C achieving SDWP = 6.7 kgw/(kgsgd). An increase of the regeneration
temperature to 45 °C improves the SDWP to 17.5 kgw/(kgsgd). The material appears
stable in terms of performance and even improved by 30 % due to thermal swings in the
test rig, but minor leakages of the ionic liquid from the support structure were observed.
The results of the experiments on the test rig provided a better understanding of
the process and led to the development of Adsorption Reverse Electrodialysis process
(ADRED). The ADRED process integrates adsorption desalination into the closed-
loop of the RED Heat-to-Power process. A thermodynamic analysis assesses different
adsorption materials and salts to identify the best combination having the highest
efficiency. In addition, the results show that the energy consumption of adsorption
desalination is independent of the salt concentration. Thus, ADRED is not limited by
the salt concentration on the regeneration side.
A dynamic ADRED model was developed and validated. The AD side is validated on
the results of the experimental test rig for regeneration temperatures 40-60 °C, while
a validated RED model was adapted from literature. A case study was performed for
a system powered by 700 MW of waste heat emitted by a power plant at 40 °C. The
simulations show a net electricity output of 2.3 MW with a net exergy efficiency of
7.1 % and net energy efficiency of 0.33 %.
III
Lay Summary
Industry, power plants and transportation emit vast amounts of excess heat into the
environment causing thermal pollution and economic losses. This thesis aims at utilis-
ing this low grade heat to produce electricity, cooling or drinking water using thermal
desalination technologies with a special focus on adsorption desalination within the
framework of the European funded RED Heat-to-Power project.
The RED concept is based on a reverse electrodialysis membrane that generates elec-
tricity by controlled mixing of two salt solutions with different salinities, which releases
energy. The mixture is regenerated into the two initial solutions using thermal desalina-
tion driven by low temperature waste heat 40-100 °C. Hence, the RED Heat-to-Power
process converts low temperature heat into electricity.
The first part of the thesis experimentally assesses the thermodynamic properties of
novel acetate salt solutions, which release a high amount of energy when mixed. In
addition, the results were required for later modelling and were not available in the
literature.
The second part applies these thermodynamic properties as well as literature data
to different thermal desalination methods. Multi effect distillation represents the most
efficient thermal desalination technology and showed the highest efficiency in large sys-
tems with a large number of evaporation effects. Small, compact systems are up to
six times less efficient than large versions leading to similar efficiencies as competing
systems like absorption vapour compression, which was identified as a very promising
thermal desalination technology. However, all established thermal desalination systems
require high driving temperatures of more than 50-70 °C, while lower temperatures can-
not be used. Adsorption desalination is a novel desalination method that evolved from
adsorption chillers and can be powered by heat sources as low as 25 °C as it is shown
in the third part of the thesis.
The third part presents an experimental adsorption desalinator featuring the smallest
design presented in the literature. The system was designed, built and commissioned
as part of this thesis. A thorough experimental characterisation was conducted using
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silica gel as benchmarking material. Silica gel is an inexpensive, commercially available
adsorbent with good water adsorption properties. Silica gel requires at least 40-50 °C
for regeneration, but much higher performances can be achieved at 80 °C. The results
show that the small scale is not detrimental as it achieves the same performance as
the best system presented in the literature. In addition to silica gel, a novel ionogel
adsorption material was tested reaching twice the performance of silica gel, but at only
45 °C instead of 80 °C. The results also show that the ionogel process can still be driven
by a heat source of 25 °C achieving similar results as silica gel. The low regeneration
temperature is a unique characteristic of Ionogel and it enables adsorption desalination
to utilise any waste heat source.
The final part integrates adsorption desalination into the RED Heat-to-Power frame-
work by combining it with reverse electrodialysis in a thermodynamic as well as a
dynamic model. The thermodynamic model screens a large number of salts and ad-
sorption materials to identify the best combination for the highest system efficiency.
The dynamic model is validated against experimental data obtained from the small-
scale adsorption test rig and silica gel on the adsorption side, while a validated model
from the literature was adapted for the reverse electrodialysis side. In a case study, the
system is powered by waste heat from a large steam power plant condenser highlighting
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MD Membrane distillation
MED Multi effect distillation
MSF Multi Stage Flash
NF Nanofiltration
NIST National Institute of Standards
and Technology
OCV Open circuit voltage (V)
OLI Software extension package for
UniSim Process Simulator
OpEx Operational expenses (€)
ORC Organic Rankine cylce
PR Performance Ratio




REFPROP Reference Fluid Thermody-
namic and Transport Properties
Database
RH Relative humidity (%)
RO Reverse osmosis
RR Recovery Ratio (%)
SCC Specific cooling capacity (W/kgad)
SDWP Specific Daily Water Production
(kgw/(kgsgd))
SEC Specific energy consumption
(kJ/kgw)
SEM Scanning electron microscope
Siogel Siogel silica gel (Oker Chemie)
STC Specific Thermal Consumption
(kWh/m3)
TBT Top brine temperature (°C)
TC Thermocouple




Global warming, water scarcity and energy security are some of the world’s major
issues. It is widely recognized that a key role in solving these issues is a sustainable
and efficient use of the planet’s limited resources. However, energy is not used efficiently,
with estimates showing that 72 % of the global primary energy produced is converted
to waste heat (Fig. 1.1a) [1, 2]. Low-grade heat available from numerous sources such
as industrial sites, power plants, geothermal areas or solar collectors [3, 4].
(a) (b)
Figure 1.1: (a) Global primary energy conversion (data from [1]).
(b) Waste heat is emitted at different temperatures (data for United States from [5]).
Papapetrou et al. analysed the availability of industrial waste heat in the EU and
estimated the availability at 300 TWh per year excluding power plants and trans-
portation [6]. They categorised waste heat at different temperature levels between
ambient temperature up to 1000 °C, where the highest waste heat potential lies below
200 °C representing one third of the emitted waste heat. Rattner and Garimella eval-
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uated the waste heat potential in the USA in a comprehensive study including power
plants, transportation and manufacturing [5]. They found that 4000 TWh of waste
heat are annually available from condensers of power plants in the temperature range
from 40-49 °C. Another 4500 TWh per year are emitted at temperature levels between
50-99 °C. Both temperature ranges amount to a total of 78 % of the entire waste heat
available below 100 °C (Fig. 1.1b).
Recently, the utilisation of low-grade heat has attracted much attention, but only few
of the proposed systems are able to operate at temperatures below 100 °C. Lower waste
heat temperatures increase the difficulty to use the heat for subsequent processes. More-
over, the cost of such systems increases with decreasing source temperatures, because
they require larger heat exchanger surface areas due to a lower temperature difference
available, often need to operate under vacuum or use toxic organic fluids like Organic
Rankine Cycles.
Waste heat recovery systems for temperatures below 100 °C have been proposed for
electricity generation (e.g. Organic Rankine Cycles [7] or heat engines [8, 9]), refrig-
eration (e.g. absorption [10], adsorption [11]) or thermal desalination [12] to mention
a few of them. All of the above are commercially available, but with limited success
as it is usually cheaper to use electricity for each application. For example, vapour
compression refrigeration features performances more than six times higher than the
thermally driven alternative [13]. In desalination, reverse osmosis processes (RO) are
usually chosen, as they only require energy to overcome the osmotic pressure [14] in-
stead of the latent heat of water for evaporation. Thus, electrically driven systems are
usually considered advantageous compared to their thermally driven counterparts that
are less energy efficient and more expensive at a first glance. However, electric systems
require the conversion of additional primary energy into electricity, which emits CO2
and contributes to global warming. Elimelech and Phillip report in a review that RO
emits about 1.8 kg(CO2)/m3(water) [15], e.g. a relatively small country like Spain
has a projected desalination requirement of 1 billion m3/year [15], which leads to CO2
emissions of 1.8 million tons per year. Spain is a small country and by far not one of
the driest [16].
Mekonnen and Hoekstra report that half a billion people around the world face water
scarcity all year and four billion for at least one month each year, which is two-thirds
the world population [16]. Providing two-thirds of the world population with RO-
water would require vast amounts of electricity and emit hundreds of millions of tons
of additional CO2 each year with devastating consequences for global warming.
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Ng et al. argue that waste heat from industrial processes is free of charge, because it
would usually be disposed into the environment. Thus, the energy consumption of ther-
mal desalination system can be reduced to their electricity consumption (e.g. pumps)
and the thermal consumption can be neglected [17]. Brückner et al. share the opinion
that waste heat is free of charge and compare absorption heat transformers to electrical
heat transformers under this premise [18]. The assumption that waste heat is free of
charge makes both systems more comparable to each other and they find that the ther-
mally driven process can even be more economically attractive to certain users [18]. Ng
et al. come to the same conclusion comparing different thermal desalination systems
to reverse osmosis [17]. They report that in most cases thermally driven systems have
a comparable or lower electricity consumption than RO [17]: RO ≈ 3-5 kWh/m3, multi
effect distillation ≈ 2 kWh/m3, multi stage flash ≈ 2.5 kWh/m3 and adsorption desali-
nation ≈ 1.4 kWh/m3 [17]. Thus, adsorption desalination AD has the lowest electricity
consumption, because the system uses a minimum of pumps and moving parts [17].
On the other hand, AD has one of the highest thermal consumptions of approximately
850 kWhth/m3 and while this utility may be free of charge, a reduction would still lead
to an increase of water output per waste heat source.
More research is needed on the improvement of the AD process to reduce the energy
consumption and improve the adsorption material efficiency through novel concepts of
heat integration and novel adsorption materials. All experimental adsorption desalina-
tors are large in size > 10 kgsg, where the best performing system uses 144 kgsg and
was developed by the group of Prof. Ng [17]. The large size has the consequence that
only commercial materials could be tested with silica gel as the predominant choice.
Non-commercial materials are developed by chemistry labs, which can usually provide
quantities at milligram scale. Hence, there is a need for smaller experimental systems
to advance the process on the material side.
The integration of adsorption desalination into other processes is largely unexplored.
Most notably, the group of Prof Ng proposed to integrate multi effect distillation and
adsorption desalination [19]. By contrast, the combination of thermal desalination with
membrane processes to generate electricity from waste heat has never been investigated
for AD.
This work is carried out as part of the European Horizon 2020 funded RED Heat-
to-Power project in collaboration with partners across Europe: Università degli Studi
di Palermo (Italy), Universitat Politècnica de Catalunya (Spain), Plataforma Solar
de Almería (Spain), REDstack BV (Netherlands), Fujifilm Manufacturing Europe BV
(Netherlands), and WIP GmbH (Germany). The project aims to generate electricity
from waste heat 40-100 °C using artificial saline solutions in a closed loop. The closed-
loop connects a reverse electrodialysis membrane and a thermal separation step. The
salt gradient is converted into electricity and restored in the thermal regeneration step.
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This work contributes to the project by investigating adsorption desalination as one
possible thermal separation system for the project. The analysis combines both mod-
elling and experimental work arranged as follows:
• Chapter 2: Introducing the main topics in a literature review reporting impor-
tant findings and providing background information for the development of the
following research.
• Chapter 3: The thermodynamics of salts are important for all modelling activ-
ities within the project and were assessed within this work through experiments
using a Barker’s cell. The Barker’s cell can measure saturation temperatures and
pressures of aqueous salt solutions that can be used to fit the Pitzer model. The
results of three novel acetate salts are presented here and are correlated with the
Pitzer model to be used for desalination modelling.
• Chapter 4: Several desalination methods were investigated in simulations. Multi-
effect distillation MED is the most efficient and one of the most established ther-
mal desalination methods. A model was created in UniSim design software to
study the process. Ng et al. proposed the combination of MED with AD to
enhance the performance of MED. A thermodynamic, steady state model was
implemented in Matlab to investigate the proposed system and the possibility
for its application in the closed-loop. Moreover, absorption vapour compres-
sion ABVC was identified as another promising desalination possibility for the
closed-loop. ABVC combines an adsorption chiller with an evaporation stage and
thermally integrates the two. The system reuses the latent heat of evaporation
multiple times within the system using a minimum of vessels and heat exchangers
compared to MED. The performance of ABVC was evaluated in a UniSim model
for different salts and concentrations.
• Chapter 5: An experimental adsorption desalination system was designed, built
and tested as main part of this work. The design is a novelty as the system is
downscaled by two orders of magnitude compared to systems in the literature.
The system is characterised using silica gel through established performance in-
dicators. In addition, a novel thermal response method and a novel cycle analysis
gave deeper insight into the performance and process characteristics. An advan-
tage of the small design is the possibility to test novel, non-commercial adsorption
materials, which are not available in large quantities. Ionogels are a novel class
of adsorption materials and an Ionogel was comprehensively tested in the test rig
for the first time.
• Chapter 6: Combines the findings of the previous chapters to investigate AD and
RED in a closed loop for the first time. The entire analysis of chapter 6 is novel,
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because the adsorption reverse electrodialysis concept has not been proposed be-
fore. A thermodynamic model of the integrated system assesses energy and exergy
efficiencies using different aqueous solutions of different salt types, salt concentra-
tions, adsorption materials and regeneration temperatures. The thermodynamic
investigation is extended to non-aqueous solutions. Ammonia features very high
solubilities for certain salts, while having a latent heat of evaporation lower than
water making it a promising non-aqueous candidate. ADRED using salt dissolved
in liquid ammonia was investigated with the thermodynamic model. Moreover,
a dynamic, lumped-parameter dynamic model was implemented and validated
using experimental data from chapter 5 for regeneration temperatures 40-60 °C.
The validated, dynamic AD model was linked to a validated RED model from
the literature to calculate exergy and energy efficiencies . The results are scaled
up in a case study for a large scale application of 700 MW waste heat input at






Porous solids of large internal surface areas can adsorb considerable volumes of vapour
and gases [20]. The accumulation on the interface between solid and gas phase can take
place through physical forces (physisorption) or through chemical bonds (chemisorp-
tion). Physisorption can be reversed by regeneration, whereas chemisorption is gen-
erally irreversible [21]. Adsorption processes are used for gas purification, e.g. air
separation as an alternative to cryogenic processes. In addition, adsorption processes
can also be applied to energy storage, desalination, air conditioning and refrigeration.
The most important families of adsorption materials are activated carbons, molecular
sieve zeolites, silica gel and activated alumina. All these adsorbents have pore sizes in
the order of a few nanometer with varying pore size distributions. By contrast, zeolitic
adsorbents have sharp pore size distribution as the micropores are determined by the
crystal structure of the material [20]. A suitable adsorption material for a process is se-
lected by stability, capacity and selectivity towards the adsorbate [20], where knowledge
of sorption equilibrium is required first [21].
2.1.1 Materials and their suitability for water adsorption
Activated Carbons
Activated carbons are decomposed carbonaceous material thermally activated at 700-
1100 °C by steam or supercritical carbon dioxide [20]. The pore size distribution de-
pends on the conditions during the pyrolysis and activation processes [20]. Activated
carbons are typically not suitable for water adsorption as the surfaces are essentially
non-polar, but a slight polarity can be caused by surface oxidation [20].
Zeolites
Zeolites are porous, crystalline frameworks of SiO4 and AlO4 tetrahedra forming an
open lattice into which molecules can penetrate [20]. Each aluminium atom adds a
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negative charge to the framework, which is balanced by an exchangeable cation, which
can be altered by ion exchange to adjust the adsorption properties [20]. In addition,
the Si/Al ratio is always greater than 1.0 and has an impact on the water adsorption
properties [20]. Aluminium rich zeolites have high water affinities that decrease with the
Si content. The transition between hydrophilic to hydrophobic occurs at a Si/Al ≈ 8-10.
Two commercial zeolites of particular interest for desalination are Mitsubishi AQSOA
Z01 and Z02. AQSOA Z01 is an iron aluminophosphate zeolite with a pore diameter of
7.4 Å and AQSOA Z02 [22] is a silico aluminophosphate zeolite with a pore diameter of
3.7 Å [22]. Both materials exhibit S-shaped isotherms which can be classified as Type
IV/V [23, 24]. Kayel et al. [23] found that AQSOA Z01 is particularly suitable for the
application in water adsorption chillers operating at regeneration temperatures below
65 °C achieving a working capacity of about 0.2 g/g [22]. AQSOA Z02 features a higher
working capacity than Z01 of about 0.3 g/g, but requires 80 °C for regeneration [22].
Silica gels
The chemical composition of silica gel is SiO2⋅nH2O, a partially dehydrated form of
polymeric colloidal silicic acid [20]. The water content of silica gel is usually around 5
wt.-% in the form of chemically bound hydroxyl groups [20]. The hydroxyl groups give
the molecule a degree of polarity and the ability to form hydrogen bonds. This effect is
why water, alcohols or amines adsorb to the surface in preference to non-polar molecules
like saturated hydrocarbons [20]. The uptake curves for silica gel usually show a steady
increase with increasing pressure, because of the wide pore size distribution [20].
Metal Organic Frameworks
Metal organic frameworks MOFs are three dimensional networks of metal clusters linked
with organic ligands [25]. MOFs are an emerging, recent class of adsorption materi-
als attracting research interest [26] due to their high water adsorption capacities [27].
MOF materials feature ultra high porosities up to 6000 m2/g, have tuneable pore sizes
and surface properties [28]. The surfaces can be either hydrophilic or hydrophobic,
where the frameworks are not always stable towards water as water molecules can
displace ligand in the framework breaking the metal-ligand bond [26]. However, this
can be prevented by using high valence metal ions like Fe3+, Cr3+ or Zr4+ creating a
rigid structure, which makes the metal sites less exposed to water intrusion [26]. For
example, MIL-101(Cr) and MIL-101(Fe) can sustain water providing chemical stabil-
ity for months and are suitable for water adsorption [26]. NH2-MIL-125 is another
promising material for adsorption heat transformation and heat storage using water as




Ionogels represent a novel class of hybrid materials, where a solid support structure
is impregnated with ionic liquids IL while retaining the unique properties of the IL
[30]. By definition, ionic liquids are organic salts with melting points below 100 °C
featuring high ionic conductivity, negligible vapour pressure, thermal stability and non-
flammability [30]. 1-Alkyl-3-methylimidazolium ionic liquids are reported as some of
the most important and most investigated ionic liquids [31]. Seddon et al. showed that
the solubility of water for Imidazolium salts depends on the anion, where the sorp-
tion capacity was best for the acetate anion [32]: Ac−> Cl−> Br−>NO3−>BF4−>PF4−
[31, 32]. The cation type is reported to play a minor role with water solubility decreas-
ing with the length of the alkyl group of the cation [31, 32]. Cuadrado-Prado et al.
measured the sorption equilibria and kinetic data of several Imidazolium salts showing
that long alkyl chains reduce the affinity to water [33]. Cao et al. discussed various
sorption mechanisms that differentiate between the surface and volume [32]. They re-
ported fast kinetics at the initial phase of water sorption slowing down at larger uptakes
[32]. The precise mechanism remains unclear, but they proposed a scheme where fast
surface sorption occurs first followed by slow diffusion into the bulk [32].
Silica supported ionic liquids maintain the water sorption properties of the pure ionic
liquid at high loadings [34]. Askalany et al. measured the isotherms for different degrees
of impregnations from 1.8 wt% to 60 wt% of 1-ethyl-3-methylimidazolium methanesul-
fonate in Syloid AL-1FP [34]. The sorption isotherm properties of the pure ionic
liquid are maintained down to 17 wt%, while doubling the saturation uptake of the
silica gel support structure. The highest impregnation of 60 wt% has the best ad-
sorption properties exceeding the uptake of pure silica gel from RH > 50 %. The
60 wt% impregnation achieves about 60 % of the uptake of the pure ionic liquid, which
is why it is important to reduce the amount of support material as much as possi-
ble. Horowitz and Panzer reported loadings of 80 wt% 1-ethyl-3-methylimidazolium
bis(trifluoromethylsulfonyl)imide (EMIM TFSI) on a poly(dimethylsiloxane) functu-
alised polymer structure (PDMS) forming a flexible, bendable rubber-like material
[35]. They tested the stress resistance and ionic conductivity, but not water sorption
properties [35]. The samples showed no IL leakage despite the open pore structure of
PDMS and were stable when exposed to water [35].
2.1.2 Temperature swing regeneration
Adsorption processes can be categorised as cyclic batch processes and continuous coun-
tercurrent systems [20]. Countercurrent systems move the adsorbent between an ad-
sorber and regenerator, while cyclic batch systems have a static adsorption bed, which
is alternately adsorbing and regenerating [20]. The present work focuses on thermal
swing cyclic batch processes, whereas cyclic batch adsorbers can also be regenerated
using pressure swing, purge gas stripping or displacement desorption [20].
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An example for a thermal swing system is an adsorption chiller as shown in Fig. 2.1.
Similar systems employing silica gels in the adsorber have been around for almost 100
years [36]. The system consists of an evaporator, condenser and at least one adsorber.
Each vessel is equipped with a heat exchanger, where the adsorber heat exchanger is
packed with an adsorbent. The system is powered by alternatingly cooling the ad-
sorber bed for adsorption and heating the bed for desorption. The evaporating water
adsorbs on the adsorbent, where the evaporator provides cooling, which can be used
for refrigeration or air conditioning. After adsorption, the bed is heated, water desorbs
and condenses. The condensed water is recirculated to the evaporator, which enables
unrestricted run times. A cyclic batch process as shown in Fig. 2.1 is intermittent,
because the adsorption bed only adsorb or desorb. Two or more adsorbers are required
for semi-continuous operation, where the evaporator provides constant cooling.
Figure 2.1: Scheme of a single bed adsorption chiller
The adsorber bed is powered by cyclic heating followed by cooling as shown on real
experimental data in Fig. 2.2a, which corresponds to the adsorption cycle in the P,T-
diagram in Fig. 2.2b.
During the desorption step, the cold, saturated bed is heated moving from points 1→2 in
Fig. 2.2. At the same time, the bed is disconnected from the evaporator and condenser
(isosteric heating) by closing V1 and V2 in Fig. 2.1. The pressure of the bed increases
until it reaches the condenser pressure. The bed is then connected to the condenser
by opening V2, while heating continues to move from 2→3. Water vapour desorbs
from the silica gel and condenses on the cold surface of the condenser heat exchanger.
Once the bed is regenerated (point 3), valves V1 and V2 are closed, while the bed is
cooled to decrease the pressure again (isosteric cooling) to moves from 3→4. When the
pressures of the adsorber bed and evaporator are equal (point 4), valve V1 between
the two vessels is opened. As a result, the silica gel bed adsorbs water vapour from
the evaporator 4→1, which is partially filled with water. A semi-continuous mode of
the test rig is ensured by regenerating one bed, while the other bed adsorbs. Valve 3
is used to recirculate water from the condenser to the evaporator.
In Fig. 2.2b, the diagonal lines 1→2 and 3→4 represent the isosteres where the water
uptake of the material remains constant. The distance between the rich isostere qhigh
1→2 and lean isostere qlow 3→4 depicts the working capacity Δq of the material. The
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working capacity can be maximised when shifted qhigh towards the saturation curve by
increasing Pevap.
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Figure 2.2: Cyclic heating and cooling powers the adsorption process. (a) Experimen-
tal temperature curves from this study using silica gel to explain the thermodynamic
adsorption cycle in (b): 1→2 isosteric heating, 2→3 adsorption with continued heating,
3→4 isosteric cooling, 4→1 desorption with continued heating.
While silica-gel/water is one of the most commonly used, non-toxic working pairs, there
are many other possibilities where the choice of material and fluid enables different
process designs as well [37]:
• Activated carbon - methanol/ethanol [38]: Methanol has a lower freezing point
than water. Hence, the evaporator operates at lower temperatures compared to
water. The vapour pressures are higher than water Psat(20 °C) = 13 kPa, but
the system still operates under vacuum [39]. Temperatures > 60 °C are usually
needed to regenerate this working pair and uptake capacities are up to 0.5 g/g
[38]. Ethanol is less toxic than methanol and can replace it as experimentally
proven by Frazzica et al. [40].
• Activated carbon - ammonia [41]: Ammonia can also provide cooling at lower
temperatures than water. The system is pressurised as Psat(20 °C) = 857 kPa
[39], but systems need to be regenerated at more than 100 °C for optimal perfor-
mance [42].
• Zeolite - water: Zeolites feature high adsorption uptakes and tuneable properties,
but conventional zeolites have a high affinity towards water resulting in high
desorption temperatures > 200 °C [43]. In order to overcome this issue, AlPO
and SAPO zeolites were developed. Bauer et al. investigated AlPO zeolite -
water as working pair, where [AlO4]- and [PO4]+ tetrahedrons are altered [43].
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Introducing silicon atoms into the AlPO framework forms SAPO materials [43].
Both types of zeolites have S-shaped water isotherms, which are favourable for
refrigeration applications, because they allow large uptakes even at lower relative
humidity with regeneration temperature for both zeolites below 100 °C [43].
2.2 Adsorption desalination
2.2.1 Performance Analysis
Performance indicators are a useful tool to compare systems between each other at a
glance. Each desalination method has its own performance indicators, but some can be
applied universally like the Performance Ratio. The following performance indicators
are most commonly used to describe and characterise adsorption desalination systems.
Reduced Temperature
The performance indicators depend on the three inlet temperatures to evaporator,
condenser and adsorber/desorber. Experimental analyses usually keep two inlet tem-
peratures constant and change the third. However, this complicates the analysis as
different results cannot easily be compared. Nuñez et al. addressed this issue by intro-
ducing the reduced temperature Tred [-], which takes the different temperatures into
account in a single parameter [44].
Tred =
Tcond − Tevap
Thot − Tcond (2.1)
Tevap, Tcond and Thot are the inlet temperatures [K] to the heat exchangers of the
vessels from the chilled application, cold sink and heat source.
The inlet temperatures from the three thermostatic baths have a significant impact on
the system performance and there are hundreds of possible combinations. Tred is a
function of all three inlet temperatures and represents the ratio of the temperature lift
to the driving force [44]. Tred simplifies the comparison of different inlet temperatures
since many performance indicators collapse on one single curve if plotted against Tred.
This occurrence makes Tred a useful tool in the prediction of results and the system
characterisation.
A single-purpose desalinator is operated at Tred = 0, where no temperature lift for
cooling is desired. Whereas, Tred increases depending on the cooling application [45],
i.e. in air-conditioning Tred < 0.3 or in refrigeration Tred > 0.3.
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Performance indicators for adsorption desalination and cooling
The main performance indicators for adsorption desalination are the Performance Ratio
PR [-] and Specific Daily Water Production SDWP [kgw/(kgwd)]:










Where L is the latent heat [kJ/kg], Msg is the mass of silica gel in each bed [kg], Nd is
the number of cycles per day, t is the time [s] and Q̇ are the heat flows [kJ/s] provided
to desorber Q̇des, evaporator Q̇evap and condenser Q̇cond.
The PR stands for the energy efficiency of the process and can be used in adsorption
desalination as well as other thermal desalination methods. The specific daily water
production SDWP examines the performance within one day including many cycles N
[-], while not providing any information on the energy input into the adsorbers. The
SDWP depicts a trade-off between the cycle time and the number of cycles within one
day. Longer cycles lead to a larger working capacity of the material, but at the same
time, the number of cycles per day is reduced. The SDWP peaks at medium cycle
times. Whereas, the PR increases with the cycle time. Hence, the combination of all
indicators leads to a more comprehensive picture of the system performance.
Adsorption chilling is characterised by the Coefficient of Performance COP [-] and the
specific cooling capacity SCC [W/kgsg]:










2.2.2 Materials and performances on a system level
Table 2.1 provides an overview of the performances for different materials in adsorption
desalination.
Thu et al. (2017) represent the latest investigation from a large number of experimen-
tal work conducted with the same four-bed adsorption desalinator, which is the largest
and best performing system in the literature [17, 46–52]. The four-bed adsorption pro-
totype contains 36 kg of silica gel in each bed [52] and was improved and modified over
the time. Wang et al. (2005) presented the addition of a heat recovery system between
the adsorber beds increasing the energy efficiency of the four-bed system by 25 % [50].
Thu et al. (2011) reported further heat integration between evaporator and condenser
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of the system leading to an SDWP = 13.5 m3w/(tonsgd) at 85 °C and PR = 0.75 [51].
In the same study they also reported SDWP = 14.2 m3w/(tonsgd) at 85 °C [51], which
is the highest value reported for silica gel today. Ng et al. (2013) provided a compre-
hensive summary of adsorption desalination in general and of all results accomplished
with their four-bed system until then [17].
In the latest study, Thu et al. (2017) present an updated analysis for the four-bed
system with an internal heat integration scheme first presented in Thu et al. (2011)
[51, 52]. Each of the four beds is filled with 36 kg of mesoporous silica gel type A++
[52]. The study investigates low temperature regeneration 50 - 70 °C with a full cycle
time between 720 s and 1920 s at Tcond,in = 27.6 °C. The PR increases with the cycle
time from 0.54 to 0.79 [52]. The SDWP at the lowest regeneration temperature 50 °C
is reduced to SDWP = 5.5 m3w/(tonadd).
Table 2.1: Recent studies on adsorption materials for adsorption desalination. Simula-
tions are reported if no experimental data is available for the material
Author Year Material Product Type SDWP Ref.
[m3/(t⋅d)]
Thu et al. 2017 Silica gel Type A++ Exp. 14.2 [52]
Mitra et al. 2017 Silica gel RD Exp. 0.9 [53]
Wu et al. 2014 Silica gel RD Sim.(+Exp) 1.1 [54]
Alsaman et al. 2017 Silica gel blue Exp. 4.2 [55]
Youssef et al. 2017 MOF CPO27-Ni Exp. 12 [56]
Elsayed et al. 2017 MOF MIL-101Cr & Sim. 6 & 10 [57]
Al-Fumarate
Youssef et al. 2015 Zeolite SAPO-34 Sim. 7 [58]
Ali et al. 2018 Salt CuSO4 Sim. 8.2 [59]
Mitra et al. built a two stage adsorption desalinator using four adsorption beds com-
bining desalination and cooling [60]. The two stage system is based on an adsorption
chiller of Saha et al. [61]. Each of the two stages comprises two adsorbers and the two
stages are connected to each other in series [53]. The system operates the following:
Water evaporates, adsorbs on the first adsober stage, desorbs from the first adsorber
stage, adsorbs on the second adsorber stage, desorbs from the second adsorber stage
and condenses in the condenser [53]. The authors report that the second stage al-
lows improved working capacities for chillers using low temperature heat sources in
combination with air-cooled condensers that have high condenser and cooling water
temperatures [61].
The adsorber beds are in a shell and tube design filled with Fuji Silisya silica gel type
RD on the tube side. A stainless steel mesh housing is wrapped around the silica gel to
ascertain a 5 mm gap between adsorption material and shell wall. The first stage con-
tains 5.6 kg of adsorption material each, whereas the second stage contains 3.2 kg each
as it is reported to operate at larger working capacities than the first. The condenser is
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air-cooled and the evaporator heat exchanger is connected to a constant temperature
bath. The temperature levels inside the system are Tevap= 11-24 °C, Tcond = 36 °C
and Thot = 65-80 °C. The system was tested for full cycle times of 1200 s to 7200 s
achieving SDWP < 1 m3w/(tonadd) [53]. The SDWP remains relatively constant over
the entire time of 7200 s indicating that the adsorption material is not saturated with
water after 7200 s [53]. The reason appears to be the shell tube heat exchanger design
leading to heat transfer limitations throughout the bed.
Wu et al. presented a one-bed experimental adsorption desalinator [62] and validated
the results against a dynamic model taking radial heat and mass transfer gradients along
the bed into account [54]. Usually adsorption systems are modelled with a lumped pa-
rameter dynamic model assuming a uniform temperature and water distribution within
the bed. The cylindrical adsorption bed features an empty middle tube through the
entire bed connecting it to evaporator and condenser. Like Mitra et al. [53], the bed is
filled as bulk between the thermal jacket on the outside and vapour tube in the centre
of the bed [54]. The adsorption bed contains 2.14 kg of Fuji silica gel type RD and is
tested for cycle times from 4000 s to 100,000 s, which is less than one cycle per day
and by far the longest cycle time tested. The experiments as well as the simulations
to optimise the cycle time are performed at Tevap = Tcond = 20 °C and Thot = 80 °C.
The study reports the optimal cycle time at 22,000 seconds achieving a maximum
SDWP = 1.1 m3w/(tonadd).
Both bulk adsorption bed systems of Mitra et al. [60] and Wu et al. [54] show poor per-
formances SDWP ≈ 1 m3w/(tonadd), whereas finned tube heat exchanger can increase
the performance by one order of magnitude.
Alsaman et al. introduced a two-bed adsorption desalinator powered by a solar col-
lector where they used 13.5 kg of a low-cost silica gel split between the two beds [55].
The solar collector provides hot water at 85 °C to the adsorption beds. The evaporator
is designed as a shell and helical coil, the condenser as a tube in tube heat exchanger,
and the adsorber bed consists of a fin tube heat exchanger inserted into a cylindrical
casing [55]. The adsorber heat exchanger has a metal mass of 3.7 kg holding 6.75 kg
of silica gel leading to a metal to adsorbent ratio of 0.55. The system was tested for
a full cycle time of 1300 s, while Tcond,in = Tevap,in = 30 °C and Thot,in = 76-92 °C for
all experiments. These parameters let to a maximum SDWP = 4.15 m3w/(tonadd) at
Thot,in = 92 °C and PR = 0.45.
The low SDWP is caused by a low evaporator temperature and heat transfer limitations
in the evaporator. The evaporator pressure is below 2 kPa suggesting Tevap,vap ≈ 15 °C
despite Tevap,in = 30 °C. The condenser pressure ranges 4-5 kPa, which is close to the
saturation pressure of water at Tcond,in = 30 °C with Psat,w(30 °C) = 4.2 kPa [39]. The
reduced evaporator pressure leads to a reduced working capacity of the silica gel. In
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addition, the solar collector area of 4.5 m2 is insufficient to power the process as the
hot water inlet temperature decreases over time.
Youssef et al. presented a one-bed adsorption desalinator and tested 0.67 kg of CPO-
27Ni metal organic framework. The material is placed on a heat exchanger of 29.3 kg
leading to a very high metal to adsorbent weight ratio of 44. The heat exchangers are
in a rectangular finned tube design combining copper tubes with aluminium fins having
a 1 mm fin pitch [56]. The MOF material is packed between the fins and secured with
a fine stainless steel mesh. They tested the material for full cycle times between 960 s
to 2160 s [56]. A heat source temperature of 95 °C was used for all experiments, while
the adsorber bed was cooled to 15 °C using cooling water from the mains water line
for all experiments [56]. In addition, the evaporator and condenser temperature were
varied 10-40 °C and 5-30 °C respectively [56]. Thus, the system is operated using four
temperature levels. The low adsorption temperature increases the temperature differ-
ence between adsorption and desorption, which maximises the adsorption uptake. The
combination of evaporator temperatures up to 40 °C and the adsorber bed temperature
of 15 °C can lead to condensation of water on the aluminium fins of the adsorber bed.
Thus, the reported maximum SDWP of up to 23 m3w/(tonadd) needs to be treated with
caution, because they may be caused by vacuum distillation rather than adsorption. A
more practical temperature combination of Tevap = 20 °C, Tcond ≈ Tads = 15 °C and
Thot = 95 °C leads to a maximum SDWP between 10 and 12 m
3
w/(tonadd) [56]. The
PR was not reported, but can be assumed to be very low due to the high metal to
adsorbent weight ratio.
Elsayed et al. extended the metal organic frameworks for adsorption desalination anal-
ysis from CPO-27Ni to aluminium fumarate, another commercially available MOF, and
MIL-101Cr, which can currently only be synthesised in laboratories [57]. The adsorp-
tion isotherms were measured using a dynamic vapour sorption gravimetric balance
showing that the two commercially available materials have improved water saturation
uptakes compared to silica. Aluminium fumarate can adsorb 0.53 gw/gads and CPO-
27Ni saturates at 0.47 gw/gads. The non-commercially available MIL-101Cr material
has a saturation uptake of 1.47 gw/gads. In addition, the study provides isotherm fit-
ting data based on a set of polynomial equations and estimated linear driving force
parameters. The isotherm data was used to predict the SDWP in a lumped parameter
dynamic model for a cooling+desalination application and a sole desalination applica-
tion. The results show that all three materials are not suitable for cooling+desalination
with Tevap = 5 °C and Tcond = 25 °C as SDWP(70-150 °C) = 2.5 m
3
w/(tonadd) for
aluminium fumarate. For the same evaporator and condenser conditions, CPO-27Ni
requires Thot > 90 °C with 1.5 < SDWP(90-150 °C) < 4.5 m
3
w/(tonadd). Thus, both
results are similar to silica gel, while silica gel can be regenerated at Thot = 80 °C [57].
In addition, they tested desalination conditions with Tevap = 20 °C and Tcond = 25 °C.
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Aluminium fumarate shows a constant SDWP(70-150 °C) = 6 m3w/(tonadd). For the
same conditions, the results of CPO-27Ni are SDWP < 4.5 m3w/(tonadd), which is
6 times less than the experimental results reported by Youssef et al. for the same
material [56]. Youssef et al. used a very unconventional set of temperature combi-
nations with a low adsorber temperature (15 °C) and high evaporator temperature
(up to 40 °C), whereas Elsayed et al. applied realistic temperatures to the model.
The large deviation between Elsayed et al. and Youssef et al. is another indica-
tion for condensation on the adsorber heat exchanger in Youssef et al. [56]. The
results of the novel, non-commercial MIL-101Cr for Tevap = 20 °C and Tcond = 25 °C
are SDWP(70 °C) = 4.5 m3w/(tonadd) and increase until they reach SDWP(150 °C)
= 11 m3w/(tonadd) [57]. Hence, MIL-101Cr is the most promising MOF material, but
requires high regeneration temperatures Thot > 110 °C for high performance.
Youssef et al. simulated the performance of AQSOA Z02, which is also known as SAPO-
34 [58]. They validated their model for silica gel against experimental data obtained
by Thu et al. [63]. They measured isotherms and kinetic data of SAPO-34 both in a
Dynamic vapour sorption DV S device and applied them to their model. The SDWP
results of SAPO-34 for Thot = 65 °C and Thot = 75 °C are 1 and 3 m
3
w/(tonadd) re-
spectively, but at Thot = 85 °C the performance increased to SDWP = 7 m
3
w/(tonadd)
[58]. The SDWP was calculated for each Thot step and different Tevap and compared
to silica gel. SAPO-34 achieves a constant SDWP for each Thot regardless of Tevap,
whereas the SDWP of silica gel increases with Tevap. Therefore, SAPO-34 appears to be
an excellent material for cooling in combination with desalination. By contrast, silica
gel should not be used for combined cooling and desalination as the SDWP decreases
with Tevap. The combined application of cooling and desalination was suggested in
many publications, but mostly with silica gel [17, 52, 55, 60].
Ali et al. proposed anhydrous copper sulfate as an adsorbent in adsorption desali-
nation. They measured the adsorption isotherms and kinetics in a self-designed vol-
umetric system consisting of a dosing tank, an adsorption chamber and an evapora-
tor. The system measures pressures and temperatures for each vessel and an unspec-
ified sample mass [59]. Water uptake data is provided for 25, 35, 45, and 55 °C,
which is fitted to the DA-isotherm equation and LDF constants are provided. The
saturation uptake of CuSO4 is reported at 0.51 gw/gad. The lumped parameter dy-
namic model fitted to silica gel results in their previous study [55] was used to deter-
mine the performance of copper sulfate in a simulation. The SDWP was simulated
for different cycle times and regeneration temperatures Thot,in = 55-95 °C at constant
Tevap = Tcond = 25 °C. The results show that Thot > 70 °C to achieve the maximum
performance of SDWP = 8 m3w/(tonadd) [59]. Moreover, the simulation proposes short
half cycle times of 400 s for SDWP = 8 m3w/(tonadd) indicating that the actual work-











































































































































Figure 2.3: Comparison of different SDWP of experimental studies and simulations
across the literature [52–55, 57–59]. ΔT=Thot-Tcond. Tred = 0 for all cases. sg = silica
gel
2.3 Other thermal desalination methods
Desalination technologies can be distinguished between thermal and membrane pro-
cesses. Currently, the market is dominated by membrane processes like reverse osmosis
(RO) as shown in Fig 2.4. Jones et al. report that early desalination plants were
dominated by thermal systems built in the Middle East, but membrane improvements
past the 1980s let to an exponential increase of reverse osmosis systems. In 2000,
thermally driven systems were still dominating the market with MSF providing 54 %
of the total capacity [64]. Today, the proportions have shifted significantly towards
membrane-based processes. By number of plants, RO has a share of 85 %, while its
share is reduced to 69 % by fresh water production capacity [65]. By contrast, Fig. 2.4
shows that multi stage flash (MSF) has only 2 % share in terms of numbers, but 18 %
in terms of capacity making MSF the most important thermally driven process.
Thermal desalination systems require a phase change of water, whereas reverse osmosis
needs to overcome the osmotic pressure, which is significantly lower than the latent
heat of water. Reverse osmosis is driven by electric energy, whereas thermal systems
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require predominantly thermal energy usually from waste heat, but less electricity than
membrane processes. The energy consumptions of commercial desalination systems is
listed in table 2.2.
Table 2.2: Thermal and electric energy consumptions of commercial desalination tech-
nologies.




MED 70 40-65 2-2.5 [66]
MSF 90-110 53-70 2.5-5 [66]
MD 60-90 100-1600 2.2-24 [66–68]
RO Ambient - 2-6 [15, 66, 69]
Figure 2.4: The market share of commercial desalination systems by capacity (outer
chart) and number of systems (inner chart) reported by Jones et al. (2018) [65]. RO:
Reverse osmosis. MED: Multi effect distillation. ED: Electrodialysis. MSF: Multi stage
flash. NF: Nanofiltration.
2.3.1 Multi Effect Distillation
Multi effect distillation (MED) represents one of the oldest processes in desalination
with patents existing since 1840 [70]. MED plants have a lower commercial market
share than multi-stage flash (MSF) desalination plants or reverse osmosis (RO) plants.
MED plants consist of a number of evaporator effects and a final condenser as shown in
Fig. 2.5. The condenser helps to preheat the feed water while it condenses the vapour
coming from the last effect. Each effect features a heat exchanger, called preheater.
The feed passes through each one of the preheaters in a countercurrent to the distillate,
brine and vapour in each effect. The feed is heated in each preheater until it reaches
the first effect, which has the highest temperature of the effects. In addition to the
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preheater each effect consists of another heat exchanger (tube bundle), spray nozzles,
a demister and a flash box.
First Effect
The preheated feed is sprayed through the spray nozzles onto the tube bundle. Inside
the tube bundle, saturated steam transfers its latent heat into the system and leaves
the tube bundle as saturated liquid. The first effect is the only effect in the MED plant,
which is powered by an external heat source.
A fraction of the feed water evaporates on the tube bundle while the rest of the feed
remains as a liquid brine on the bottom of the effect. The brine and the vapour are
in vapour-liquid equilibrium at the same temperature and pressure. The water vapour
goes through the demister and past the preheater to the next effect. Part of it condenses
on the preheater, where the latent heat of the condensed vapour is used to increase the
temperature of the feed by a few degrees. The condensate is collected and brought to
the flash box of the effect. The rest of the vapour flows into the tube bundle of the
second effect to be condensed. [71]
Effects n-1
The brine from the first effect is sprayed over the tube bundle of the second effect. The
first effect operates at a higher temperature and higher pressure than the second effect.
Hence, a pressure drop occurs when the feed enters the second effect and a portion
of the brine forms vapour in a flash evaporation. The tube bundle is fed with the
saturated vapour from the first effect. The saturated vapour transfers its latent heat
onto the outside of the tube bundle and the stream leaves the tube bundle as saturated
liquid distillate and flows to the flash box.
Again, a part of the brine evaporates on the surface of the tube bundle. The vapour
originating from the boiling and flash evaporation goes through a demister again and
transfers a fraction of its latent heat to the feed in the preheater before it enters the
tube bundle of the third effect.
This principle continues in the subsequent effects. The vapour from the previous effect
is used or “recycled” to evaporate more brine in each effect generating more distillate
with the same energy input in the first effect. This is possible, because each effect
operates at a lower pressure and temperature than the previous effect.
Each additional effect increases the performance ratio of the MED plant, which is
why a large number of effects is desirable for the thermal energy performance of the
process. The system is limited by the ambient temperature, because the vapour from
the last effect has to be condensed with a cooling source at ambient temperature. More
limitations are the increasing salt concentration and the boiling point elevation.
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Figure 2.5: Multi effect distillation system at Centro de Investigaciones Energéticas,
Medioambientales y Tecnológicas - Plataforma Solar de Almería (CIEMAT-PSA) with
14 effects ([72] with permission)
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2.3.2 Multi Effect Distillation and Adsorption
Multi effect distillation can be coupled with adsorption desalination to increase the
distillate output [73]. Multi effect distillation operates between the heat source tem-
perature and ambient temperature. By contrast, the addition of an adsorption heat
pump enables the last MED stage to operate as low the freezing temperature of water
as it was suggested by Ng et al. [74] and is shown in Fig. 2.6. The larger temperature
window allows the increase of the number of effects. Ng et al. reported a doubled dis-
tillate production based on their modelling and experimental work [74], while Shazhad
et al. documented a threefold increase of the distillate production [19].
Figure 2.6: MED enhanced with adsorption desalination as suggested by Ng et al. [74]
2.3.3 Multi stage flash
Multi stage flash MSF is similar to MED, but does not feature tube bundles for evap-
oration in the effects [64]. Instead, water is flash evaporated within the liquid phase of
each effect [64]. The vapour is used to preheat the feed stream by transferring all the
latent heat, while condensing on the preheater surface. The advantage of MSF over
MED is its reduced scaling due to the lack of evaporating tubes and spray nozzles [64].
Salt scale on the tube surface has a reduced thermal conductivity resulting in a reduced
overall performance and frequent maintenance [64].
2.3.4 Membrane distillation
Membrane distillation MD uses hydrophobic membranes that represent a barrier to
the liquid phase, while water vapour can pass through the pores. The separation is
driven by a temperature difference causing a pressure gradient through the membrane.
Thus, a phase change occurs here as opposed to other membrane separation processes
where a static pressure forces a part of the feed to permeate through the membrane
[75]. The membranes have a thickness of 30 to 200 µm and pore diameters of 100 nm to
1 µm [75]. The drawbacks of MD are a sensitivity of the permeate flux to the feed salt
concentration and temperature, which cause polarisation on the membrane limiting
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mass transfer [75]. Multi stage membrane distillation systems help to overcome the
polarisation issue allowing the membrane to operate at higher salinities [76].
Dow et al. powered a MD pilot system using waste heat from a power plant at 33 °C,
where their experimental apparatus achieved a permeate flux of 2.7 L/(m2h). Higher
heat source temperatures of 59 °C increase the permeate flux to 11 L/(m2h) with
STEC ≈ 1500 kWh/m3 [68]. The tested feed water salinity was between 1.7 - 4 g/L,
which is one order of magnitude below seawater at 35 g/L [77].
2.4 Electricity generation from low grade heat
More than two thirds of all primary energy are converted into waste heat with 63 % of
this waste heat stream arising below 100 °C [1]. These vast quantities of waste heat are
leading to economic loss as someone paid for the lost energy. In addition, all the waste
heat is emitted into the environment, into rivers, oceans and the atmosphere causing
thermal pollution.
A challenge of all low-grade heat processes is the low exergy content. Exergy de-
scribes the useful content of energy between ambient temperature and the heat source
temperature. The same energy flow at a lower temperature provides less exergy for
the process making it more difficult to utilise. The Carnot factor ηc [-] describes the
theoretically highest possible efficiency that can be achieved at a given ambient and
hot temperature (Tamb and Thot [K]) [78]:
ηc = 1 − Tamb
Thot
(2.6)
The maximum energy efficiency a system can achieve at Tamb = 20 °C and Thot = 25 °C
is 3 %. An increase of the hot temperature to 100 °C increases the maximum energy
efficiency to 21 %. Thus, the energy efficiencies of all low grade heat processes cannot
be very high. The energy efficiency divided by the Carnot factor provides the exergy
efficiency, which is a useful indicator for low grade heat processes as it tells how much
of the available exergy is used.
Different processes have been developed to convert heat to power and some of the most
common processes are listed 2.3. The processes can convert heat at different temper-
atures into waste heat. Most processes in table 2.3 convert heat above 300 °C, but
cannot be applied to low grade heat sources. The following sections will present low
grade heat conversion processes applicable to source temperatures below 100 °C.
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Table 2.3: Common heat to electric power conversion processes
Process T [°C] ηel [%] Description Ref.
Steam Rank-
ine Cycle
300-550 42 Water as working fluid is su-
perheated in a boiler and ex-





80-300 24 Same process as the steam
rankine cycle, but water is re-
placed by an organic work-
ing fluid with lower boil-
ing temperature enabling heat
sources with lower tempera-
tures
[7, 81]
Stirling Engine 120-900 25 Cyclic expansion and com-
pression of a working fluid





>350 5 A junction of two materi-
als with different conductivi-





50-100 2.5 Water is transported from
fresh water to brine through
a membrane, which increases
the brine pressure first, which
is converted into electricity by
a turbine. The salt gradient is






50-100 2.5 Ion exchange membranes en-
able the controlled mixing of
two saline solutions to convert




2.4.1 Organic Rankine Cycle
Organic Rankine Cycle ORC systems resemble the steam Rankine cycle replacing water
with an organic fluid that has a lower boiling point [90]. ORC are a common, established
way to convert low grade waste heat into electricity using an organic fluid with a lower
boiling point than water in the traditional Rankine cycle. Most systems are driven by
heat source temperatures 100-350 °C [91], but Kang reported an experimental system
powered by waste heat source temperatures around 80 °C and ambient temperature of
20 °C achieving energy efficiencies of 8 % [90] corresponding to an exergy efficiency of
47 %.
A scheme of an ORC system is given in Fig. 2.7, where a pump pressurises the organic
working fluid. The evaporator uses waste heat to transform the working fluid into a
saturated or superheated vapour, which is then expanded to produce mechanical energy
for a generator producing electricity [91]. The saturated vapour from the expander is
condensed and returned to the pump [91].
Many ORC systems are commercially available with system sizes from 50 kW at Thot≥ 93 °C up to 70 MW at Thot ≤ 300 °C, where most systems require a heat source
temperature of at least 120 °C [81]. System pressures in ORC cycles usually do not
exceed 30 bar and the organic fluid can be chosen for Psat(Tamb) > 1 bar, which allows
the condenser and with it the entire system to operate above ambient pressure [81].
However, the organic fluid is often harmful to the environment and climate [81]. The
efficiency of high temperature ORC is usually below 24 %, while steam Rankine cycles
feature thermal efficiencies > 30 % [81].
Figure 2.7: Basic Organic Rankine Cycle scheme
2.4.2 Reverse Electrodialysis Heat Engine
Logan and Elimelech reported a membrane-based process for power generation from
saline solutions [92]. The systems can either harvest energy from naturally occurring
salt gradients between fresh water and sea water, which is a large untapped energy
source of 980 GW globally [92]. A United States patent for a reverse electrodialysis
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heat engine was issued to Loeb in 1979 [93] applying the concept shown in Fig. 2.8.
Reverse electrodialysis membranes generate electricity through the salt gradient be-
tween a concentrated and diluted feed solution. Early research focused on their appli-
cation between seawater and river water [94]. However, seawater has a limited salinity
of about 35 gsalt/kgw [95] and both river and seawater can be polluted, which requires
pretreatment of the feed streams. Artificial feed solutions do not require pretreatment
and allow tuning salt type and salinity gradient.
Figure 2.8: Heat engine scheme using Reverse Electrodialysis in a closes loop
Reverse electrodialysis consists of anion and cation exchange membranes (AEM and
CEM), which are arranged in cells of one each with a salt water and fresh water com-
partment between the membranes [94]. Multiple cells together build a RED stack as
shown in Fig. 2.9.
Figure 2.9: The schematic of a RED stack with 3 cells [8, 96]
Positive ions from the salt water diffuse through the CEM to the fresh water compart-
ment on its right in Fig. 2.9, which creates a positive potential [94]. The negative ions
of the seawater diffuse through the AEM to the fresh water compartment on it left in
Fig. 2.9 creating a negative potential in the cell. The electrical potential Ecell between
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seawater and river water is 140-160 mV per cell [94] as calculated through the Nernst
equation [8]:





where α[-] is the permselectivity for the respective membrane, R is the ideal gas constant
[J/molK], F is the Faraday constant [J/mol], γ is the activity coefficient and m the
molality.
The respective ion transport through the membrane causes a net ionic current through
the membrane stack [8]. Redox reactions on the electrodes at each end of the stack
generate an electric current. Electric power can be extracted from the system by
connecting an external circuit between the end electrodes. Parasitic currents reduce
the power output, which are caused by co-ion transport through the membranes due to
restricted selectivity and ionic shortcut currents, which occur through the rinse solution
and the feed/drain channels within the membrane.
2.4.3 Osmotic Heat Engine compared to Reverse Electrodialysis
Pressure Retarded Osmosis PRO [97] is another membrane process that represents an
alternative to RED membranes [98]. Section 2.4.2 shows in Fig. 2.9 that RED mem-
branes are permeable to salt ions, while the water molecules are retained within the
compartment. By contrast, PRO membranes are salt rejecting and only permeable for
water, which moves from the fresh water compartment to the brine compartment due
to the chemical potential difference between the two [98]. The water transport increases
the pressure, which can be used to generate electricity in a turbine as shown in in Fig.
2.10. Hence, PRO membranes convert the salt gradient into a pressure gradient first
before it can be converted into electricity, whereas RED membranes directly convert
the salt gradient into electricity.
Yip and Elimelech compared RED and PRO membranes in terms of power density
and energy efficiency in rough simulations using literature properties of high perfor-
mance membranes [99]. They reported that PRO membranes are advantageous at
higher concentrations. Examples of different concentration differences are given com-
paring the share of the Gibbs free energy of mixing converted into electricity between
each other. The Gibbs free energy of mixing ΔGmix represents a theoretical maxi-
mum value of the energy released due to the mixing of two solutions in a reversible
process. At low concentration gradients as present in river-seawater, PRO is reported
to convert 54 % and RED 38 % of ΔGmix into electricity. Hence, the two are similar
at low concentrations, but PRO maintains a constant conversion rate even at mixing
4 M with 17 mM of NaCL, whereas RED converts 18.1 % of ΔGmix at this concentra-
tion [99]. At these concentrations, the power densities of PRO are estimated at 40
W/m2 and 1.8 W/m2 for RED.
In a study prior to Yip and Elimelech [99], Post et al. conduct the same comparison
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between RED and PRO membranes and review other literature comparisons critically
[98]. They conclude that efficiency losses due to the turbine in the PRO process are
usually neglected, whereas RED electrode reactions are usually taken into account [98].
The analysis of Yip and Elimelech assesses the power density Pd of PRO through
Pd,P RO = Jw ⋅∆P using the water flux Jw and the hydrostatic pressure difference ΔP,
while not mentioning turbine losses [99]. Post et al. reported a modelled comparison
on equal terms showing that PRO is better at higher salt gradients, whereas RED is
more efficient for the power generation using river-seawater [98].
Figure 2.10: The schematics of a PRO process [98, 100]
Micari et al. presented a modelling analysis combining validated models of RED and
MD [88]. The study reports the maximum exergy efficiency of the processes at 2 %
using current technology and a waste heat source of 80 °C [88]. Future improvements
of the system are projected to enhance the exergy efficiency to 16.5 % at 80 °C as
future membrane distillation units are reported to have a lower Specific Thermal Con-
sumption STC [88]. Future membrane distillation systems are projected to operate
at higher concentrations up to 5 M, higher fluxes, feature heat recovery improvements
and innovative module designs to reach STC < 100 kWh/m3 [88]. In addition, Micari
et al. assumed that future RED membranes will achieve permselectivities of 98 % [88]
as an improvement to 65-90 % permselectivity of current membranes [8]. By contrast,
Dow et al. reported experimental STC ≈ 1500 kWh/m3 for all experiments and tem-
peratures using MD for water purification [68].
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Hickenbottom et al. investigated the techno economic cost of a 4.9 MW PRO-MD
system in a closed loop simulation using a heat source of 80 °C. They reported pump-
ing losses of the MD plant of 1.1 MW and PRO losses of 0.6 MW reducing the system
size to a net electrical output of 2.5 MW [89]. Hickenbottom et al. assumed high effi-
ciencies of all components, e.g. 90 % turbine efficiency, 95 % generator efficiency and
95 % pressure exchanger efficiency [89]. The exergy efficiency of the system is predicted
at 3-17 % with a power density of the membrane of 45 W/m2 [89], which is one order
of magnitude higher than the current power density reported for RED [88].
2.5 Summary
Adsorption desalination is a thermal desalination technology that evolved from adsorp-
tion chillers. Adsorption desalination and adsorption chillers are temperature swing
adsorption processes driven by cyclic heating and cooling of the beds. Several experi-
mental adsorption desalinators have been been built and tested usually using silica gel as
adsorption material. The group of Prof. Ng has presented the most efficient adsorption
chiller with silica gel and 4 adsorption beds of 36 kgsg each achieving a maximum SDWP
of 14.2 kgw/(kgsgd). Other systems and materials have been presented and tested by
different groups with lower performances or requiring regeneration temperatures above
100 °C. Adsorption desalination as well as other thermal desalination technologies like
multi effect distillation or membrane distillation can be coupled with a membrane pro-
cesses in a closed loop to generate electricity from low grade heat. Pressure retarded
osmosis membranes and reverse electrodialysis membranes have both been proposed
for this closed loop application. Most investigations have been focusing on modelling
activities predicting exergy efficiencies up to 16 % for both technologies.
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Chapter 3
Vapour liquid equilibria of novel
salt solutions
3.1 Background
The Barker’s cell experiments aimed at getting a better understanding for the thermo-
dynamics of salt solutions as they are essential to desalination processes. Moreover,
acetate salts were identified as promising salts for the RED process, but have not been
experimentally investigated for a large number of temperature and concentration com-
binations yet. Thus, the results for the acetate salts presented in this chapter are a
novelty, because they extend the available data in the literature and their application
to the RED process has been published in Energy [101].
3.1.1 Barker’s cell experiments and apparatus
A Barker’s cell is designed to measure the saturation pressure and temperature of aque-
ous salt solutions under vacuum. The saturation pressures and temperatures obtained
with the Barker’s cell can be used to calculate the boiling point elevation caused by the
presence of the salt. The boiling point elevation is important for modelling desalination
systems as it impairs the performance. In addition, osmotic coefficients can be derived
from the pressure and temperature measurements. The osmotic coefficients can be used
to fit the Pitzer model virial coefficients, which in return can be used to calculate the
activity coefficients and thereby several other thermodynamic properties. Therefore,
the aim of the measurements is to determine the boiling point elevation and to fit the
Pitzer virial coefficients from the osmotic coefficients derived from the experimental
data.
The set-up of the system can be seen in Fig. 3.1a. The cell itself is made of glass and
consists of a vacuum cell within a thermal jacket (Fig. 3.1b). A glass capillary leads
inside the vacuum cell to insert a T-type thermocouple (RS Pro T Type Thermocou-
ple Copper probe 0.2 mm Nr. 8140153), which measures the temperature of the salt
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solution. In addition, the vacuum cell is equipped with a pressure transducer (General
Electric UNIK 5000, premium accuracy ±0.04% FS).
(a)
(b)
Figure 3.1: (a) Photograph of the Barker’s cell system. (b) Schematic of the experi-
mental set up and photo of Barker’s cell.
The Barker’s cell operates at pressures between ambient and 0.5 kPa (Fig. 3.1b). The
vacuum cell is connected to a cold trap through a glass arm and a valve. The pressure
transducer is placed on a branch of this glass arm, which needs to be heated by a heating
tape to prevent condensation affecting the pressure measurement. The thermal jacket
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is connected to a thermostatic bath, which supplies it with heating or cooling water
flowing around the vacuum cell. Furthermore, the thermostatic bath is used to set a
target temperature for the salt solution.
The solutions were made by anhydrous salts of at least 99 % purity (listed in appendix
table A.1) and deionised water. Salt and water were weighed on a high accuracy
balance (Mettler Toledo XS205 dual range, UK) (±1 mg) to formulate the molality of





where msalt and mwater are the mass of salt and water [g], M̃salt is the molar mass of
the salt [g/mol] and csol is the molality of the solution [mol/kg]. After the solution
is prepared, it needs to be degassed. Firstly, it is placed in an ultrasonic bath for
30 minutes. Secondly, the solution is filled into the vacuum cell and a vacuum is pulled.
Afterwards, it is cooled to 10 °C, heated to 40 °C and cooled back to 10 °C, while the
cell is connected to the vacuum pump again at each one of the temperature steps.
This procedure ensures that the solution is air-free at the start of the experiment. The
experiment begins with a first temperature and pressure measurement at a temperature
of 10 °C and continues in steps of 10 °C until the final temperature of 90 °C is reached.
Between each one of the temperature steps, at least 30-40 minutes have to elapse to
ensure that an equilibrium is reached. Before and after an experiment, the Barker’s
cell is thoroughly cleaned and rinsed with deionised water for several times to remove
all salt residues from the previous experiment.
3.1.2 Pure water validation
Before measuring the salt solutions, the Barker’s cell was calibrated with pure, deionised
water. The Barker’s cell measures saturation pressures and temperatures. Ideally, the
experimental saturation pressure Pexp should match the calculated saturation pressure
at the measured temperature Psat(Texp), which can be obtained through the Antoine
equation eq. (3.6) [102] or NIST refprop [103]. The comparison between the ideal
match and the experimental result is shown in Fig. 3.2. At low pressures, the exper-
imental pressure matches the saturation pressure derived through the thermocouple.
However, at higher pressures there is a significant deviation of about 0.05 bar. There-
fore, a temperature fitting curve is needed to adjust the readings of the thermocouple to
match them with the pressure readings, which have a higher accuracy. A second-degree
polynomial was fitted to correct the temperatures from Texp to Tactual:
Tactual = −6.72 ⋅ 10−4 T 2exp + 1.026 Texp + 0.453; (3.2)
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Figure 3.2: Calibration for deionised water. Comparison of the pressure transducer
reading Pexp and the saturation pressure Psat(Texp) based on the temperature reading
of the T-type thermocouple.
3.1.3 Fundamental equations: The Pitzer model
The experimental results (P, T) can be used to assess the boiling point elevation BPE
and osmotic coefficient Φ. The boiling point elevation is a parameter needed for the
design and modelling of closed-loop RED systems. The osmotic coefficient can be used
to fit the model of Pitzer and Mayorga, which also allows the calculation of activity
coefficients γ. The BPE is defined as:
BPE = Tsat,solution,exp − Tsat,water(Psat,solution,exp) (3.3)
The dimensionless osmotic coefficient Φ is given by:
Φ = −( 1000(vM + vX)csolMw ) ln(as) (3.4)
Where vM and vX are the number of ions [-], while zM and zX are the charges of the
ions [-]. The molality of the solution is given by csol [mol/kg] from eq. (3.20), the molar
mass of water M̃w [g/mol] and the activity as of the solution can be expressed by the





The saturation pressures Psat,H2O [bar] of pure water for a given temperature T between
256-373 K can be calculated using the Antoine equation [102]:
log10(Psat,H2O) = 4.6543 − 1435.264T − 64.848 (3.6)
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The osmotic coefficient is also defined by the Pitzer model [104]:
Φ − 1 = ∣zM zX ∣fΦ +m( 2vXvM
vX + vM )BΦMX +m2 (
2(vM vX)
3/2
vX + vM )CΦMX (3.7)
The other coefficients are as follows:
fΦ = −AΦ ( I1/2
1 + bI1/2) (3.8)
BΦMX = β
(0)





The coefficients b and α are constants with the values of 1.2 and 2 for all solutes [104].
The ionic strength is represented by I [mol/kg] in the equations above. For each salt,
the virial coefficients βMX
(0), βMX
(1) and CMX
Φ are given by Pitzer and Mayorga [104]
for a large number of salts and differing ranges of concentrations. The Debye Hückel















In eq. (3.11) N0 represents the Avogadro constant [mol
-1], k is the Boltzmann constant
[m2kg s-2K], e is the electron charge [C] and D the dielectric constant [-] [106]:
D =D1000 +Cln( B + P
B + 1000) (3.12)
where P is the saturation pressure of water at the corresponding temperature T [K].
The coefficients U1-9 are shown in table 3.1.
D1000 = U1exp(U2T +U3T 2) (3.13)
C = U4 + U5
U6 + T (3.14)
B = U7 + U8
T
+U9T (3.15)
Table 3.1: Parameters to calculate the dielectric constant of water [106]
U1 342.8 U4 -2.05 U7 -8032.5
U2 -5.09 ⋅ 10
-3 U5 3115.9 U8 4.21⋅ 10
6
U3 9.47 ⋅ 10
-7 U6 -182.9 U9 2.14
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3.1.4 Error analysis
The uncertainty of the boiling point elevation is caused by errors of the temperature
measurements ΔTsat,sol and error of the measured pressure inserted into the Antoine
equation eq. 3.6 [107]:
∆BPE ≈∆Tsat,sol + Tsat,w(P∆exp) (3.16)
The osmotic coefficient Φ from eq. (3.4) is a delicate parameter to assess from the
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The uncertainties of each one of the independent variables are shown in table 3.2. The
uncertainty of the pressure transducer is given by the manufacturer. Since the ther-
mocouple was calibrated with the pressure transducer, the accuracy of the pressure
transducer applies to the thermocouple as well as the average deviation of the calibra-
tion polynomial of 0.03 %. The salt and water are both measured on the same scale.
However, their uncertainties are different, because a small amount of water evaporates
while the solution is inside the ultrasonic bath to degas. Weighing the solution before
and after degassing aimed at minimising the uncertainty.
Table 3.2: Uncertainties of independent variables needed to assess the osmotic coeffi-
cient
Variable Unit Error
ΔP bar 0.04% FS (FS=0-1.5 bar)
Psat(ΔTsat, solution) bar 0.04% + 0.03%
Δmsalt g 0.1 %
Δmwater g 0.2 %
ΔT °C 0.1
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3.2 Results: VLE of aqueous salt solutions
3.2.1 Lithium Acetate
Lithium acetate has a lower solubility at room temperature than the other acetate salts
[77]. The solubility curve of LiAc is shown in Fig. 3.3a. The first two concentrations of
interest at 2 m and 4 m are not affected by the solubility, but the two higher concen-
trations are not soluble at room temperature. Thus, the saturations pressures of LiAc
at 6 m were only measured from 30-90 °C and at 8 m they were only measured from
40-90 °C (Fig. 3.3b).
The first result of the saturation pressure and temperature measurements at a concen-
tration of 2.004 m is shown in Fig. 3.3b to compare it to literature data,. Pitzer and
Mayorga [104] fitted their model with experimental data up to 4 m and this model was
used for the comparison. Fig. 3.3b demonstrates that the experiments are in good
agreement with the literature.













































Experiment LiAc 2.004 m
Pitzer and Mayorga 1973
(b)
Figure 3.3: (a) The solubility of LiAc in water is temperature dependent [77].
(b) The measured results match the Pitzer model using parameters from Pitzer and
Mayorga [104].
Table B.5 in the appendix presents the results of all the saturation pressure and temper-
ature measurements for LiAc. It can be seen that the temperature dependent solubility
was taken into account. The BPE and Φ of the LiAc solutions were calculated from the
results and are given in table B.5 as well as Fig. 3.4. The BPE is increased by almost
8 °C at the highest concentration and temperature under investigation. At molalities of
2 m and 4 m the BPE of LiAc is very similar to NaCl, which is also between 1-2 °C for
2 m in the temperature range between 10-90 °C and between 2-4 °C at 4 m for 10-90 °C.
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Figure 3.4: The boiling point elevation of LiAc at different temperatures and molalities
The osmotic coefficients assessed through the experiments are displayed in Fig. 3.5.
























Pitzer and Mayorga 1973
(a)














































































Figure 3.5: Osmotic coefficients calculated from experiments and model fit of LiAc at
4 different concentrations and temperatures up to 90 °C
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The error of the osmotic coefficient is quite high at temperatures below 30 °C and low
concentrations, because of the low vapour pressures, which lead to an increased error
of the pressure transducer.
The osmotic coefficients were used to fit the virial coefficients of the Pitzer model.
Firstly, they were fitted to the model using the three virial coefficients of Pitzer and
Mayorga: β(0) = 0.1273, β(1) = 0.0905 and cΦ = −0.0092. However, the osmotic coef-
ficients show a temperature dependency in Fig. 3.5 with deviation up to 25 % from
the experimental data as shown in Fig. 3.6a. Thus, each one of the parameters was
changed to a linear function of the temperature [K] with two fitting parameters each:
β(0) = a1 T + a2 (3.18)
β(1) = a3 T + a4 (3.19)
cΦ = a5 T + a6 (3.20)
The parameters a1 - a6 were fitted to the data and are given in table 3.3:





a2 0.184 a4 2.239 a6 9.81⋅10
-3
Fig. 3.6 justifies this decision since the original three-parameter model leads to devi-
ations between 10 % and -25 %. The introduction of temperature dependent Pitzer
parameters reduces the deviation to 5 %.
(a) (b)
Figure 3.6: The deviation [%] of the experimentally obtained osmotic coefficient and
the fitted Pitzer model: (a) The classic Pitzer model with only three fitting parameters.
(b) The extended Pitzer model with temperature dependent fitting parameters
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3.2.2 Caesium Acetate
Caesium acetate has a very high solubility in water. The solubility shows a temperature
dependency as well as it does for lithium acetate, but at a much lower level. At 0 °C the
solubility is 49 m and at 90 °C the solubility increases to 70 mol/kg [108]. Therefore,
the saturation pressures of the chosen solutions of 2, 4. 6 and 8 m could be measured for
the entire temperature range of interest from 10-90 °C. Fig. 3.7a presents the measured
saturations pressures and temperatures of the 2 m solution, which is still in the range
of the Pitzer model parameters fitted up to 3.5 m [104]. In addition, the saturation
pressure curve of the model using literature parameters is also shown in Fig. 3.7a.
The experimental results are in good agreement with the model using literature virial
coefficients [104] as the deviation is less than 0.77 %.

























Experiment CsAc 2.007 m
Pitzer and Mayorga 1973
(a)




















Figure 3.7: (a) The experimental saturation pressure and temperature curves of CsAc
solutions at 2 m in comparison to literature data.
(b) The BPE calculated for CsAc for different temperatures and concentrations.
The measured saturation pressures and temperatures for four concentrations are given
in table B.6 in the appendix including the calculated BPE and Φ. The BPE of the CsAc
solutions are also shown in Fig. 3.7b. At low concentrations of 2 and 4 m the BPE of
CsAc is similar to the BPE of LiAc. However, at higher concentrations the BPE of the
CsAc solutions is up to 3 °C higher than LiAc. Therefore, the interactions of the CsAc
ions and the water molecules in the solution seem to be stronger than the interactions
within the LiAc solution, which causes a higher BPE and higher osmotic coefficients.
The osmotic coefficients obtained of CsAc from the experimental results of the pressure
and temperature measurements are shown in Fig. 3.8. The trends are less temperature
dependent than the results of LiAc. Thus, a fit with the regular Pitzer model was
undertaken. The use of single, non-temperature dependent parameters is preferable for
consistency and comparability with Pitzer’s work.
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Pitzer and Mayorga 1973
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Figure 3.8: The osmotic coefficient calculated from experiments and the model fit of
CsAc at 4 different concentrations and temperatures up to 90 °C
The Pitzer model parameters were fitted based on the osmotic coefficients derived from
the experimental results. In addition, the experimental results were supplemented with
the osmotic coefficients published by Robinson and Stokes [109]. Robinson and Stokes
published osmotic coefficients at 25 °C and 18 different molalities between 0.1 - 3.5 m of
CsAc. The experimental results extended the data available in the literature to a wide
temperature range and to concentrations up to 8 m. However, the data of Robinson
and Stokes was included to improve the quality of the fit at low concentrations down to
0.1 m. The fitting was implemented in Matlab by using the nlinfit solver, which used
the original Pitzer parameters [104] as initial guesses. The result is shown in table 3.4
for CsAc solutions between 0.1 - 8 m and temperatures from 10 °C and 90 °C.
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The fitted Pitzer model and the osmotic coefficients derived from the experimental
results are in good agreement as it can be seen in Fig. 3.9a. Fig. 3.9a illustrates
the deviation [%] between the experimental osmotic coefficients and the fitted Pitzer
model. At low temperatures the model under predicts the osmotic coefficients slightly
by up to 6 %, while at high concentrations the model over predicts the values by up
to -8 %. However, the deviation between the model and the experimentally derived
osmotic coefficients is still within the experimental error as it can also be seen in Fig.
3.8. Therefore, it is not necessary to alter the Pitzer model to temperature dependant
coefficients in the case of CsAc.
(a)






























Robinson and Stokes 1959
Pitzer and Mayorga 1973
Pitzer model fit
(b)
Figure 3.9: (a) The deviation [%] of the experimentally obtained osmotic coefficient
and the fitted Pitzer model.
(b) The osmotic coefficients of CsAc at 25 °C reported by Robinson and Stokes [109]
in comparison to the Pitzer model results using the original virial coefficients [104] and
the extended virial coefficients fitted here.
The original Pitzer parameters [104] based on data provided by Robinson and Stokes
[109] are fitted at 25 °C from 0.1 - 3.5 m. Both, the model fitted by Pitzer-Mayorga
and the data of Robinson-Stokes, are plotted in Fig. 3.9b. For comparison, the fitted
model of this work is also shown in Fig. 3.9b. The virial coefficient fitted within this
work are in good agreement with the original virial coefficients [104] and the literature
data [109]. Fig. 3.9b highlights the novelty of the data as it extends the molality from
4 to 8 m
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3.2.3 Potassium Acetate
The saturation pressures and temperatures of potassium acetate were measured in the
Barker’s cell and are listed in table B.4 in the appendix. The deviation between the
experimental saturation pressures at 2.006 mol/kg of KAc and the saturation pressures
of KAc predicted by the Pitzer model based on the parameters of Pitzer and Mayorga
[104] is less than 0.5 % as it can be seen in figure 3.10a.
The experimental saturation pressures and temperatures in table B.4 in the appendix
were used to calculate the BPE of KAc (Fig. 3.10b. KAc has high BPE of up to 12 °C
at 9 mol/kg and 90 °C. In addition, the BPE is increasingly temperature dependent
at higher salinities.


























Pitzer and Mayorga 1973
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Figure 3.10: (a) The experimental saturation pressure and temperature curves of KAc
solutions at different concentrations and the curve of pure water for comparison, which
is also experimentally obtained.
(b) The BPE of KAc solutions for different temperatures and concentrations.
The saturation pressures and temperatures in table B.4 from the appendix are also used
to assess the osmotic coefficients for each temperature and concentration in Fig. 3.11.
Again, the experimental error at 10 °C is very large due to the error of the pressure
transducer and the low pressure of the solution. The osmotic coefficients of KAc are
lower than LiAc. The fitting parameters for the experimental results are given in Fig.
3.11 as well as table B.4.
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(a)











































































































































Robinson and Stokes 1959
Detherm-data PhD thesis Beyer 2001
Pitzer and Mayorga 1973
Pitzer model fit data PhD thesis Beyer 2001
Pitzer model fit data this study
(f)
Figure 3.11: (a-e) The osmotic coefficient calculated from experiments and the model
fit of KAc at 5 different concentrations and temperatures up to 90 °C.
(f) Comparison between the Pitzer fit in table 3.5 with literature data [109, 110] and a
second Pitzer fit performed on the literature data from [110]
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The vapour liquid equilibrium of KAc has been investigated in several publications for
concentrations up to 3.5 m [110] and up to 25 m [109], both at 25 °C. The literature
results are compared to the Pitzer fit to the experimental results from table 3.5.
Table 3.5: The coefficients of the fitted Pitzer model for 0-9 m of KAc and saturation




In addition, the Osmotic coefficients of [110] were used to obtain a second Pitzer fit for
concentrations up to 25 m: β0 = 0.1388; β1 = 0.3958; cΦ = -0.0045.
The second set of Pitzer parameters only differs from table 3.5 in the last digit. In Fig.
3.11f the two Pitzer model fits do not vary up to 9 m and match the literature well
[110]. Beyond 10 m the literature data for Φ flattens, which the Pitzer model takes
into account, but the model does not fit the data exactly with a deviation of less than
7 %.
Fig. 3.11f shows that the osmotic coefficient of KAc flattens and decreases above 10 m.
To investigate the reliability of this trend, Fig 3.12 compares the osmotic coefficients
of KAc to the osmotic coefficients of two other salts with high solubilities: Sodium
acetate and lithium chloride. All three salts show a similar behaviour that the osmotic
coefficient reaches a plateau at high concentrations and even decreases slightly in the
cases of the two acetate salts.































LiCl (Robinson and Stokes 1949)
Na Acetate (Hamer and Wu 1972)
K Acetate (PhD thesis Beyer 2001)
Figure 3.12: The osmotic coefficients of KAc [110], LiCl [111] and NaAc [112] reach a
plateau at high concentrations.
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3.2.4 Salt mixture of LiCl and NaCl
Salt mixtures were investigated as a possible improvement to the RED process. The
aim of the investigation was to check if aqueous solutions of two salts reduce the BPE
through salt-salt interactions. Robinson et al. reported osmotic coefficients for LiCl and
NaCl mixtures at varying concentrations at 25 °C [113]. This investigation extended
the temperatures to 10-90 °C for a concentration not covered by Robinson et al. [113].
The temperature and pressure results of the Barker’s cell are shown in Fig. 3.13a as well
as predictions obtained from OLI electrolytes within Honeywell UniSim Design R443.
UniSim Design is a process simulation software that obtains physical properties from
thermodynamic packages. The OLI electrolyte package (OLI Systems Inc., USA) is a
third-party software that is integrated into UniSim Design. OLI electrolytes includes
different databases and models to provide properties of electrolytes systems. OLI is
very accurate for known systems like NaCl and also incorporates predictive models for
electrolyte systems where little or no experimental data is available.




















































2.5 m NaCl + 2.5 m LiCl
(b)
Figure 3.13: (a) The saturation pressures of an aqueous solution of 2.5 m of LiCl mixed
with 2.5 mol/kg of NaCl. The pressures have been measured in the Barker’s cell and
are compared to OLI electrolytes in UniSim.
(b) The BPE of the mixed salt solution compared to the BPE of the pure salts at
2.5 m and 5 m. The saturation pressures to calculate the BPE were obtained in UniSim
through the OLI electrolytes package.
The results in Fig. 3.13a also show that the OLI electrolytes package in Honeywell
UniSim can predict the vapour pressures of this specific salt mixture very well. Thus,
the rest of the investigation can be carried out by using OLI electrolytes in UniSim
instead of measuring the vapour pressures experimentally.
Fig. 3.13b shows the boiling point elevation derived from vapour pressures obtained
through OLI electrolytes. The BPE of NaCl and LiCl in single salt mixtures at 2.5 m
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are very similar to each other. However, the BPE of the two salts deviates by more than
1 °C at doubled molality. The BPE of the mixed salt solution is exactly in the middle
between the two single salt solutions comparing 5 m NaCl, 5 m LiCl, and 2.5+2.5 m
NaCl+LiCl. Therefore, it is not beneficial to use mixed salt solutions, because it does
not reduce the BPE. Table B.7 in the appendix presents the experimental results and
the properties that can be derived from the measurements.
3.3 Conclusions
A Barker’s cell was used to measure saturation pressures and temperatures of aqueous
salt solutions up to 9 m and temperatures 10-90 °C. Three novel acetate salts were
investigated, significantly extending the available literature data [104]. Acetate salts
have very high salt solubilities, which is interesting for RED heat engines as large salt
gradients increase the electricity production. The pressure and temperature measure-
ments were used to calculate boiling point elevations and osmotic coefficients. The
boiling point elevations of the salts are very similar and up to 12 °C at the highest
measured concentration 8-9 m. High salt concentrations are not favourable for MED
systems, because the BPE limits the number of effects and the performance. The os-
motic coefficients were used to fit the virial coefficients of the Pitzer model, which are
necessary for desalination modelling in the following chapter and to calculate activity
coefficients.
The behaviour of salt mixtures was assessed to analyse if salt mixtures have reduced
BPE compared to aqueous solutions of single salts. An aqueous solution using a salt
mixture of 2.5 m LiCl and 2.5 m NaCl was tested for temperatures 10-90 °C. The results





In this chapter, three promising desalination technologies are investigated in terms of
their thermal performance. All three systems can also be applied to the closed loop in
combination with Reverse Electrodialysis to generate electricity from low-grade heat.
Seawater always has a comparably low salinity with a BPE of less than 1 °C. However,
the closed-loop application can operate at high salinities and allows the application of
different types of salts. The previous chapter presented an experimental assessment
of the salt thermodynamics, which have a direct impact on the performance of the
regeneration systems presented here. The first section 4.1 presents a model of multi
effect distillation in UniSim, where the pressure drop between a given number of effects
is calculated in a preliminary analysis using the Pitzer model presented in the previous
chapter. The second section 4.2 implements a steady state model for multi effect
distillation and combines it with an adsorption desalination model in Matlab. Several
publications (e.g. [74]) have proposed this type of system as advantageous over MED
alone. Adsorption desalination cools the last effect of MED below ambient temperature
allowing additional MED effects operated below ambient temperature, which increases
the distillate output. In the third section 4.3, a completely different regeneration system
is presented for the first time in a UniSim simulation. This system, Absorption Vapour
Compression, combines a single evaporator with an absorption heat pump. Thermal
integration between the two components boosts the performance of the simpler process
design compared to MED.
4.1 Multi effect distillation
4.1.1 The pressure drop between effects
The Unisim model allows setting a pressure drop between each effect, where a minimum
pressure drop leads to the maximum number of effects. Each additional effect recycles
the latent heat of the generated vapour back into the process leading to a higher
performance. A pressure drop is concurrent with a temperature drop and the minimum
temperature drop between two effects is the boiling point elevation. However, the BPE
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increases with every MED effect as the brine concentration increases as well. Thus, a
preliminary analysis in Matlab established the pressure drop between the effects for a
given number of stages N , top brine temperature TBT [°C], ambient temperature Tamb
[°C], feed concentration Cf [m] of LiCl/NaCl/KAc, recovery ratio RR and distillate
production ṁd [kg/s]. The procedure is outlined in Fig. 4.1.
Figure 4.1: The iteration method to determine the pressure drops between the effects
as input for UniSim
In the preliminary analysis (Fig. 4.1), the BPE is assessed through the Pitzer model
in the sequence shown in Fig. 4.1. In the main model, the UniSim OLI package uses
a conjunction of different models to assess the BPE and activity coefficients of salt so-
lutions [114]: Debye Hückel, Bromley, Pitzer, Helgeson, Chen and Meissner. Notably,
the Meissner model is reported as a highly predictive and extrapolative method to
calculate the activity coefficient when experimental data is lacking and can be used in
combination with other models [114]. By contrast, the Pitzer model is highly accurate
when experimental data is available, but not predictive. The VLE for different tem-
peratures and concentrations of NaCl and LiCl are well established and Pitzer model
data is available [104]









The vapour production of each stage ṁvap,i = ṁd,i = ṁd/N is calculated under the
assumption that every stage produces the same amount of vapour. A real MED plant
has a decreasing vapour production for each stage as Planezuela et al. reported a de-
crease of 30 % between the 1st and 14th stage of their pilot plant [72]. However, the
preliminary step only determines the pressure drops between the effects. By contrast,
the main analysis in UniSim calculates the vapour production for each individual effect.
The salt concentration of each effect is calculated through the brine flow rate for the





The BPE is a function of temperature and salt concentration. In a first iteration step, a
linear temperature profile was assumed: Ti−1−Ti = (TBT −Tamb)/N . A linear tempera-
ture profile is sufficient for smaller numbers of effect where Σ(BPEi) << (TBT −Tamb).
However, for large numbers of effects and Σ(BPEi) ≈ (TBT − Tamb) the temperature
drop cannot be constant and needs to be adjusted to the BPE. Thus, the first iteration
step assumes the linear temperature profile, assess the BPE and then calculates a new
temperature profile based on the BPE:
Ti = Ti−1 −BPEi−1 − T∆ (4.4)
where T∆ ≥ 0 assures that the system utilises the full temperature window between
TBT and Tamb:
T∆ =
TBT − Tamb −Σ(BPEi)
N − 1 (4.5)
The next iteration step calculates the BPE based on the new temperature profile from
eq. (4.4). This continues until the temperature profile does not change from one
iteration step to the next. Once the individual temperature drops between the effects
are established together with the salt concentrations from eq. (4.3), the pressure drops
can be calculated through the Pitzer model for the respective salt. An example result
for BPEi and the pressure drop for each effect ∆Pi [kPa] is shown in Fig. 4.2 for
potassium acetate. The BPE slightly decreases for the first half of effects, before it
increases again. This behaviour has two causes as the growing brine concentration
increases the BPE from the first to the last effect, while the decreasing temperature
reduces the BPE. Both causes compensate for each other leading to the curve in Fig.
4.2.
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Figure 4.2: An example result for the predicted pressure drops (Pi−1 −Pi) and BPE in
each effect for N = 19, TBT = 80 °C, Cf = 1.5 m, Salt = Potassium acetate, RR = 0.5
and ṁd = 100 tons/day
The number of effects is an input value to the procedure above, which can be changed
to find the maximum number of effects automatically. A while-loop adds effects until
Tvap,i ≥ Tamb is reached with Tvap,i = Tvap,i−1 − (BPEi−1 +∆Thx). Fig. 4.3 shows that
the temperature difference of the heat exchanger ∆Thx [°C] between the inside and
the outside is crucial to the number of effects in seawater desalination. Seawater does
not have a high salinity (≈ 0.7 m) and therefore a low BPE (≈ 0.3 °C). Therefore, 114
effects are theoretically possible at ∆Thx = 0.1 °C. However, this number is reduced to 32
effects at ∆Thx = 1 °C and 12 effects at ∆Thx = 3 °C for TBT = 70 °C and Tamb = 30 °C.
This emphasises that the heat exchanger design and heat exchanger area are the true
limitation for the number of effects in seawater desalination and not the BPE.










































 = 0.1 °C
∆T
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 = 1 °C
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 = 3 °C
Figure 4.3: The predicted, maximum number of effects if $Tvap,i = Tvap,i−1 −(BPEi−1 +
∆Thx). TBT = 70 °C, Tvap,N = 30 °C, Cf = 0.7 m, Salt = NaCl (seawater), RR = 0.1
and ṁd = 100 tons/day
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High salinity solutions of NaCl change this result as the BPE increases from 0.4 °C
to 5 °C, when the feed concentration is increased from 0.7 m to 5 m. This would be
the case for a Reverse Electrodialysis heat engine with MED as regeneration where a
high salinity maximises the electricity output of the RED membrane [8]. Here, the
number of effects is reduced to 10 effects even at the lowest ∆Thx = 0.1 °C in Fig. 4.4.
At the larger temperature gradient of 3 °C only 6 effects are possible, which is half
compared to the seawater desalination (Fig. 4.3). Therefore, the energy efficiency of
MED is limited at large feed concentrations, because of the BPE limiting the maximum
number of effects. For seawater, better heat exchanger designs would allow very big,
energy efficient systems.
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Figure 4.4: The predicted, maximum number of effects if ΔTeffect =
BPE. TBT = 70 °C, Tvap,N = 30 °C, Cf = 5 m, Salt = NaCl, RR = 0.1 and
ṁd = 100 tons/day
4.1.2 UniSim modelling
MED systems of different sizes up to 27 effects were considered for the performance
analysis with the model implemented in Honeywell UniSim R443 with the OLI elec-
trolytes package. UniSim is a process modelling software that can accurately calculate
physical properties using thermodynamic packages like OLI.
The investigation is similar to the publications of Palenzuela et al. [115] and Giacalone
et al. [101], but independent of them although within the RED Heat-to-Power project.
The investigation of Giacalone et al. [101] is comparable to the preliminary model
analysing the pressure drops between the effects. Palenzuela et al. [115] combined the
RED model of Tedesco et al. [116] with the steady-state model presented by Ortega-
Delgado et al. [117]. The MED-RED model of Palenzuela et al. [115] is split between
gPROMS for RED and Engineering Equations Solver for MED.
The MED model here was implemented in UniSim with the OLI electrolytes pack-
age. The OLI electrolytes package allows a straightforward change of different salts as
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UniSim can obtain all thermodynamic properties of salt solutions from it. The prop-
erties of well established salts like NaCl are predicted accurately by UniSim as shown
in Fig. 4.5. However, potassium acetate is a novel salt solution and OLI underpredicts
it for high concentrations as shown in Fig. 4.5 for KAc 9 m, where the experimental
BPE is 2-3 times higher than OLI. For smaller concentrations the deviation between
OLI and the experiments is 25 % to 35 % in Fig. 4.5. Thus, the MED model in UniSim
can be used for low, but not for high concentrations.





























Figure 4.5: Comparison of the BPE calculated from VLE data from the Barker’s cell
test rig with OLI electrolytes. The vapour pressure of NaCl 3 m is taken from [101],
whereas the data for KAc was measured as part of section 3.2.3.
Palenzuela et al. reported the scheme of a single MED effect [72] as shown in Fig. 4.6.
The same scheme was implemented in UniSim as given in Fig. 4.6. Each process step
of the MED effect was assigned a separate unit in UniSim. The flash vessel in Fig. 4.6
as well as the flash box use the respective pressure drop from the preliminary analysis
as input value. The tube bundle condenses all the vapour from the previous effect to
heat up the brine from the flash vessel (input: vapour fraction = 0). The main vessel
is used to separate vapour from brine as it occurs around at the demister of the MED
effect. The vapour from the main vessel is then partially condensed in the pre-heater
before it is passed on to the next effect, while the brine from the main vessel is also
passed on to the next effect.
The effect is inserted into the overall MED flow scheme as seen in Fig. 4.6. Four differ-
ent MED schemes of 5, 15, 19 and 27 effects were implemented in UniSim to investigate
different scenarios. Large numbers of effects have some practical disadvantages, as they
are expensive to build, have a complex process design and require high top brine tem-
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peratures. Hammond et al. estimated the investment cost of a 341,000 m3/day MED
desalination plant with 30 effects at USD 187 million in 1994 [118], which would be
USD 370 million today at an average inflation of 2.8 %, but was never built. Moreover,
TBT > 75 °C leads to significant scaling and corrosion within the process [70]. Thus,
the large systems of 19 and 27 effects have only theoretical interest as they represent
the maximum number of effects for the maximum energy efficiency.
A 3 stage MED system is presented in Fig. 4.7, where the first effect, the middle effect
and the last effect can be seen in detail. The middle effect is the same unit as shown
in the Fig. 4.6. Example results for each one of the streams in Fig. 4.7 are listed in
Appendix C in detail. The example analysis investigated the system performance for
seawater and a TBT of 80 °C, where PR = 2.4 and the STC amounts to 265 kWh/m3.
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Figure 4.6: MED effect (from [72] with permission) implemented in UniSim and inserted
into an exemplary 27 effects MED system
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Figure 4.7: A detailed view of the MED UniSim model. The model can be extended
by repetition of the middle effect (n-1).
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4.1.3 Results
The analysis was conducted for LiCl and KAc as salts, because they were identified as
best performing salts for the RED membrane [8, 119]. The inlet concentration of KAc
was limited to 2 mol(KAc)/L on the basis of Fig. 4.5. The input values of the salt,
N, Ts and RR, as well as the results of the simulation are listed in table 4.1. The key
performance indicators are presented in Fig. 4.8.
Table 4.1: Input (Salt, N, Ts and RR) and results for 10 different cases and 2 different
salts. The distillate production is 100 tons/day in all cases (≈ 4167 kg/s)
# Salt N Ts RR Brine Feed Cf Cb Steam STC
- - - [°C] - [kg/s] [kg/s] [mol/L] [mol/L] [kg/s] [kWh/m3]
1 LiCl 5 70 0.2 16667 20833 4.00 4.70 902.2 140.3
2 LiCl 5 70 0.1 37500 41667 4.00 4.09 950.0 147.8
3 LiCl 15 90 0.2 16667 20833 2.00 2.47 325.0 50.0
4 KAc 15 80 0.5 4167 8333 2.00 3.86 311.5 47.9
5 KAc 19 80 0.6 2778 6944 1.00 2.48 239.3 36.8
6 KAc 19 80 0.5 4167 8333 1.50 2.94 241.4 37.1
7 LiCl 19 80 0.5 4167 8333 1.00 2.01 259.1 39.9
8 LiCl 19 90 0.2 16667 20833 1.50 1.88 276.5 42.1
9 KAc 27 100 0.3 9722 13889 0.50 0.73 189.1 29.4
10 LiCl 27 100 0.7 1786 5952 0.50 1.65 179.8 28.0
1 2 3 4 5 6 7 8 9 10
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Figure 4.8: (a) Modelled specific thermal consumption from table 4.1 of the MED
system in UniSim grouped by the number of effects N .
(b) Modelled performance ratio of the system PR ≈ ṁd/ṁs from table 4.7.
From Fig. 4.8 it is evident that the STC is least dependent on the salt type: Between
scenarios 9 and 10, the PR is slightly lower for KAc, but in scenario 6 the PR is higher
than LiCl in scenario 7 (Fig. 4.8b). The comparison between 6 and 7 is more accurate
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as both cases have the same TBT and RR. The most important factor for the STC is
the number of effects. Each effect recycles the latent heat one more time, which is why
the value of the PR is similar to the number of stages. For each N in Fig. 4.8, PR
and STC remain almost constant. Moreover, the STC decreases proportionally with
the number of effects e.g. STC#9 ≈ N#2 ⋅ STC#2/N#9. The recovery ratio affects the
STC as well as the STC decreases by 5 % from #8 to #7 where the RR is changed
from 0.2 to 0.5. A higher recovery ratio decreases the feed water at constant distillate
production. At high RR, less feed water needs to be preheated from ambient to TBT
which conserves energy. However, high RR also leads to higher brine concentrations
and as a consequence thereof high BPE limiting N and higher risk of corrosion in a real
MED plant.
The results are in line with the results of the validated model reported by Palenzuela
et al. [115] in Fig. 4.9, where all input parameters are the same between the models,
except the salt, where Palenzuela et al. used NaCl instead of LiCl/KAc here (table
4.1). The comparison with the validated model emphasises the high accuracy of the
UniSim model. In addition, UniSim allows easy switching to different salts because of
the OLI electrolytes packages. The EES model requires the manual implementation of
thermodynamic salt properties, which is not necessary with UniSim.






















Palenzuela et al. 2018
UniSim Model
Figure 4.9: Comparison of the UniSim model presented here with Palenzuela et al.
2018 [115]. Both models use the same RR, N, TBT, Cf from table 4.1 for each scenario
respectively, but the salts differ. The salts used in the UniSim model are listed in table
4.1, while Palenzuela et al. use NaCl.
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4.2 Multi effect distillation adsorption
Multi effect distillation can be coupled with adsorption desalination in order to increase
the temperature range. Multi effect distillation operates between the heat source tem-
perature and ambient temperature. By contrast, the addition of an adsorption heat
pump enables the last MED stage to operate as low the freezing temperature of water
as it was suggested by Ng et al. [74] and is shown in Fig. 2.6. The larger temperature
window allows the increase of the number of effects. Ng et al. reported a doubled dis-
tillate production based on their modelling and experimental work [74], while Shazhad
et al. documented a threefold increase of the distillate production [19]. Based on Ng
and Shazhad et al. the combination of MED with AD was identified as a promising
regeneration method for the RED Heat-to-Power cycle as well. Thus, the energy effi-
ciency of MED-AD was investigated in a thermodynamic model combining the MED
model of Palenzuela et al. [72] with the adsorption cycle analysis of Wu et al. [120].
4.2.1 Steady state multi effect distillation model
Input correlations
A linear temperature profile was implemented with the constraint of ∆T ≥ BPEi. For
most simulations a temperature difference of ΔT = 5 K was set throughout all effects.
This was used to find the vapour temperature Tv,i [K] for each effect i as model input
values [121]:
Tv,i = Tv,1 − (i − 1) ⋅∆Tstages (4.6)
Preheater temperatures:
Tph,i = Tfeed,out − (i − 1) ⋅∆Tph (4.7)
Preheater
Some vapour ṁvh,i [kg/s] is used to preheat the feed stream ṁf [kg/s] within the effect.
The feed enters the last effect at ambient temperature and needs to be heated up to
10 K below the heat source temperature, when it exits the preheater of the first effect
and is then sprayed over the tube bundle of the first effect:
ṁvh,i ⋅Lvh,i = ṁf ⋅ cp ⋅ (Tph,i+1 − Tph,i) (4.8)
where Tph,i [°C] is the inlet temperature to the preheater and Tph,i+1 [°C] is the outlet
temperature from the preheater. The heat transfer area necessary for the preheater is
determined with the following heat transfer equation using the log mean temperature
difference method [72]:
ṁf ⋅ cp ⋅ (Tph,i+1 − Tph,i) = Aph,i ⋅Uph,i ⋅LTMDph,i (4.9)
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LTMDph,i =




The overall heat transfer coefficient for the preheater is given by El-Dessouky and
Ettourney [64]:
Uph,i = 1.7194 + 3.2063 ⋅ 10−3 ⋅ Tv,i + 1.5971 ⋅ 10−5 ⋅ T 2v,i − 1.9918 ⋅ 10−7 ⋅ T 3v,i (4.11)
Figure 4.10: Preheater scheme applicable to all preheaters ([72] with permission)
First Effect (with no flashing, but steam heating)
The first effect is powered by the motive steam ṁs [kg/s] coming from the low grade
heat source. The feed temperature from the preheater is 10 °C below the top brine
temperature or heat source temperature. Therefore, no flash evaporation occurs in the
first effect leading to the following mass balance:
ṁf = ṁgb,1 + ṁb,1 (4.12)
where ṁgb,1 is the vapour produced in the first effect and ṁb,1 is the brine from the
first effect. The salinity of the brine Cb,1 [kg/kg] is assessed through the salt balance:
ṁf ⋅Cf = ṁb,1 ⋅Cb,1 (4.13)
The following energy balance determines the amount of vapour produced in the first
effect ṁgb,1 [kg/s]:
ṁgb,1 ⋅Lgb,1 = ṁs ⋅Ls + ṁf ⋅ cp ⋅ (Tb,1 − Tf) (4.14)
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The heat transfer equation to calculate the surface area of the heat exchanger:
ṁs ⋅Ls = Ueff,1 ⋅Aeff,1 ⋅ (Ts − Tb,1) (4.15)
Ueff,i = 1.9695 + 1.2057 ⋅ 10
−2
⋅ Tb,i − 8.5989 ⋅ 10
−5
⋅ T 2b,i + 2.5651 ⋅ 10
−7
⋅ T 3b,i (4.16)
Figure 4.11: The first effect ([72] with permission)
Subsequent effects
General equations
The following energy and mass balances are applicable to all subsequent effects. The
distillate production through flash evaporation ṁgf,i [kg/s] is given by:
ṁgf,i =
(ṁb,i−1 ⋅ cp,bi−1 ⋅ (Tb,i−1 − Tbf))
Lgf
(4.17)
where the temperature of the flash evaporated vapour is equal to the brine temperature
and the vapour temperature from the tube bundle Tbf,i = Tb,i = Tv,i. The mass flow of
the vapour from the previous effect ṁv,i [kg/s]:
ṁv,i = ṁgb,i + ṁgf,i − ṁvh (4.18)
The salt balance to determine the change of the brine concentration Cb,i due to the
evaporation within the effect is:
ṁb,i−1 ⋅Cb,i−1 = ṁb,i ⋅Cb,i (4.19)
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The heat transfer coefficient for the effect is taken from El-Dessouky and Ettouney [64]
Ueff,i = 1.9695 + 1.2057 ⋅ 10−2 ⋅ Tb,i − 8.5989 ⋅ 10−5 ⋅ T 2b,i + 2.5651 ⋅ 10−7 ⋅ T 3b,i (4.20)
Table 4.2: Effect type I, II and III assigned to effect number of a 16-effect MEDAD
system
1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16
Type I Y Y Y Y Y
Type II Y Y Y Y Y Y
Type III Y Y Y Y
Effects of type I
Fig. 4.12 shows an effect of the first type. The mass balance accounting for the distillate
produced in the effect ṁd,i [kg/s] in the tube bundle from vapour from the previous
effect i − 1:
ṁd,i = ṁv,i−1 + ṁvh,i−1 (4.21)
while the temperature of the distillate leaving the mixer Td,i [K] is obtained from the
following energy balance:
ṁd,i ⋅ cp ⋅ Td,i = ṁv,i−1 ⋅ cp ⋅ Tv,i−1 + ṁvh,i−1 ⋅ cp ⋅ T ′v,i−1 (4.22)
The vapour generated through boiling ṁgb,i [kg/s] is:
ṁgb,i =
ṁv,i−1 ⋅Lv,i−1 + ṁbf ⋅ cp,bf ⋅ (Tbf − Tb,i) + ṁvh,i−1 ⋅ cp,vi−1 ⋅ (Tv,i−1 − T ′v,i−1)
Lgb,i
(4.23)
Figure 4.12: Scheme of a type I effect ([72] with permission)
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Effects of type II
The vapour generated through boiling ṁgb,i [kg/s] in the second type of effect, which
has a heat integration of a higher degree and reuses the sensible heat of the distillate
from the previous effect ṁd,i−1 again:
ṁgb,i =
ṁv,i−1Lv,i−1 + ṁbf cp(Tbf − Tbi) + ṁvh,i−1cp(Tv,i−1 − T ′v,i−1) + ṁd,i−1cp(Td,i−1 − T ′d,i−1)
Lgb,i
(4.24)
The produced distillate in this effect ṁd,i [kg/s] is the sum of the three feed streams to
the tube bundle as shown in Fig. 4.13:
ṁd,i = ṁv,i + ṁvh,i−1 + ṁd,i−1 (4.25)
The energy balance around the mixer is used to calculate the distillate temperature
Td,i [K]:
Td,i =
ṁv,icpTv,i−1 + ṁvh,i−1cpT ′v,i−1 + ṁd,i−1cpT ′d,i−1
ṁd,icp
(4.26)
Figure 4.13: Scheme of a type II effect ([72] with permission)
Effects of type III
The third type of effects has an even higher heat integration than type two as seen in Fig.
4.14. Type III reuses the remaining sensible heat of the distillate from the distribution
line collecting the distillate of the previous three effects ṁda,i with temperature Tdm,i−3:
ṁgb,iLgb,i = ṁv,i−1Lv,i−1 + ṁbf cp(Tbf − Tbi) + ṁvh,i−1cp(Tv,i−1 − T ′v,i−1)+
ṁd,i−1cp(Td,i−1 − T ′d,i−1) + ṁda,icp(Tdm,i−3 − T ′dm,i−3) (4.27)
The mass balance to determine the distillate from the tube bundle as the sum of the
the vapour from the previous effect ṁv,i−1 [kg/s], the saturated liquid distillate from
the previous preheater ṁvh,i−1 [kg/s], the distillate from the previous effect ṁdi−1 [kg/s]
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and the distillate from the distribution line:
ṁd,i = ṁv,i−1 + ṁvh,i−1 + ṁd,i−1 + ṁda,i (4.28)
The energy balance around the mixer is used to calculate the distillate temperature
Td,i [K]:
Td,i =
ṁv,icpTv,i−1 + ṁvh,i−1cpT ′v,i−1 + ṁd,i−1cpT ′d,i−1 + ṁda,icpT ′dm,i−3
ṁd,icp
(4.29)
Figure 4.14: Scheme of a type III effect ([72] with permission)
4.2.2 Thermodynamic adsorption model
The main objective of the thermodynamic adsorption analysis is determining the spe-
cific energy consumption per kilogram of water produced, which is derived from the
adsorption cycle. Required are the evaporator temperature Tev [K], which is the tem-
perature of the last MED effect, the condenser temperature T1 [K] of the adsorption
system and the heat source temperature T3 [K] which is equal to the TBT.
The Antoine equation with the parameters for water [102] is used to determine the






where T is the current temperature [K], while the uptake of the adsorption material q
[gw/gsg] is calculated with the Dubinin Astakhov isotherm DA equation [122], which
is commonly used in adsorption desalination:




q = q0 exp(−(A
E
)n) (4.32)
where the DA fitting parameters E, n and the saturation uptake q0 are given in table
4.3:
Table 4.3: Dubinin Astakhov paramters
q0 [kg/kg] E [J/mol] n [-] Ref.
Siogel 0.38 3960 1.1 [123]
AQSOA Z01 0.21 4000 5 [23]
The isosteric heat of adsorption Δh is [124]:







The Specific Energy Consumption SEC [kJ/kgw] determines the amount of energy
required to produce 1 kg of distillate:
SEC =
(q1Cp,w +Cp,sg)(T2 − T1) + [Cp,sg + q2+q32 Cp,w] (T3 − T2) + (q2 − q3)∆h
q2 − q3 (4.34)
The energy consumption of the adsorption system QAD [kJ/s] is calculated by:
QAD = (ṁgb,n + ṁgf,n) ⋅ SEC (4.35)
Where ṁgb,n and ṁgf,n add up to the vapour generated by the n
th effect of the MED
system, which is adsorbed by the silica gel of the adsorption system.
The STC [kWh/m3] of the overall system is determined by:
STC =
ṁs ⋅L +QAD
3600 ⋅ ṁd ⋅ ρ
(4.36)
In their early publications Ng et al. neglected the heat input to the adsorption side of
the system as the system is utilising waste heat, which does not need to be accounted
for [74]. This analysis takes all heat input into account as Shazhad and Ng did in a
recent publication [125]. The analysis had the objective to determine the STC for each
scenario by varying RR, N, Cfeed and Tfeed
4.2.3 Results
Using the last MED effect as evaporator of adsorption desalination enables the oper-
ation of the adsorption system below ambient temperature. For all results, the feed
inlet temperature to the preheater of the last effect was 30 °C, the temperature of the
last MED effect 35 °C and the temperature of the last effect for the MEDAD process
at 5 °C. A temperature of 5 °C prevents freezing, but also maximises the temperature
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window of operation for the MED system, but it has some negative implications on the
performance of the adsorption material.
The isotherms in Fig. 4.15 show the impact of the evaporation temperature on the
working capacity of Siogel silica gel (Fig. 4.15a) and AQSOA ZO1 zeolite (Fig. 4.15b).
The last MED effect functions as evaporator of the adsorption desalination part of
MEDAD. In MEDAD, the last effect operates at 5 °C [74], whereas in adsorption de-
salination the evaporator operates at ambient temperature [17] (≈ 30 °C). The low
temperature of the last MEDAD effect reduces the working capacity ∆q due to the
low relative humidity RH = Pevap/Psat,ads during adsorption. A low relative humidity
decreases the adsorption uptake. The relative humidity of MEDAD during adsorption
is approximately 25 %, whereas it is approximately 90 % for adsorption desalination.
Therefore, operating MEDAD as proposed by Ng et al. [74] with evaporation at 5 °C
leads to a reduced working capacity of the adsorbent. Hence, very large adsorption
beds would be required to link a MED plant to an adsorption desalination system.











































Figure 4.15: Cooling to 5 °C in a MEDAD plant reduces the working capacity of (a)
Siogel silica gel and (b) Mitsubishi AQSOA Z01 zeolite.
The model assessed 59 different input scenarios as shown in appendix C.4 and C.5 or
in an excerpt in table 4.4. Each one of the 59 scenarios was applied to the steady state
MED model as well as the MEDAD model. The analysis determines the performance
of MED first and then for the case of MEDAD adds additional effects to the MED
below ambient temperature. Thus, the effects above ambient temperature are exactly
the same for both cases MED and MEDAD. This way of comparison is in line with
Thu et al. [126], who suggested that MEDAD could rejuvenate existing MED plants by
increasing their distillate output by simple modification and adding additional effects.
The recovery ratio varies between the two models, while the feed flow rate and the
heat input to the first effect is the same for MED and MEDAD. The adsorption system
requires additional heat input, which MED alone does not need. The larger temperature
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difference between TBT and the last effects combined with the constant temperature
drop of 5 °C allows an additional 6 effects for MEDAD (table 4.4).
Table 4.4: Excerpt from results tables C.4 and C.5 in the appendix, which are shown
in Fig. 4.16. The salt is NaCl and Siogel as adsorption material.
MED MEDAD
Scenario Cf Ts RR N STC RR N STC
Number [mol/kg] [°C] [kWh/m3] [kWh/m3]
1 0.5 60 0.1 5 220 0.4 11 185
2 0.5 60 0.3 5 167 0.8 11 153
3 0.5 70 0.1 7 193 0.3 13 184
4 0.5 70 0.3 7 134 0.6 13 144
5 0.5 70 0.5 7 122 1.0 13 130
6 0.5 80 0.1 9 180 0.3 15 185
7 0.5 80 0.3 9 117 0.6 15 138
8 0.5 80 0.5 9 106 0.8 15 123
9 0.5 90 0.3 11 109 0.5 17 136
10 0.5 90 0.5 11 95 0.8 17 117
11 0.5 90 0.7 11 90 1.0 17 107
12 0.5 100 0.3 13 103 0.5 19 134
13 0.5 100 0.5 13 90 0.7 19 113
14 0.5 100 0.7 13 85 0.9 19 102
29 1.5 60 0.1 5 215 0.4 11 183
30 1.5 60 0.3 5 161 0.8 11 151
31 1.5 70 0.1 7 192 0.3 13 185
32 1.5 70 0.3 7 131 0.7 13 144
33 1.5 70 0.5 7 118 1.0 13 129
34 1.5 80 0.1 9 177 0.3 15 185
35 1.5 80 0.3 9 116 0.6 15 139
36 1.5 80 0.5 9 102 0.8 15 121
37 1.5 90 0.3 11 106 0.5 17 136
38 1.5 90 0.5 11 93 0.7 17 117
39 1.5 90 0.7 11 88 1.0 17 118
40 1.5 100 0.3 13 102 0.5 19 135
41 1.5 100 0.5 13 89 0.7 19 113
42 1.5 100 0.7 13 84 0.9 19 102
The STC for MED and MEDAD in each scenario of table 4.4 are shown in Fig. 4.16.
The comparison between Fig. 4.16a and 4.16b shows that the salt concentration does
not have an influence on the results. It can be seen that the STC of both systems
are very similar, but in most scenarios MED has a slightly lower energy consumption
to produce one cubic meter of distillate. MEDAD is only advantageous at low heat
source temperatures Ts < 70 °C (Fig. 4.16c). Even in the best cases (scenario 1 and
29 in table 4.4), the STC is only 15 % lower for MEDAD than MED alone, while the
MEDAD system is more than twice as big. Here, the first five effects are identical
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between MED and MEDAD, but then MEDAD has six additional effects. The addi-
tional effects of the MEDAD system double the distillate output, but the energy input
is also doubled. All the vapour of the last effects needs to be adsorbed by the silica
gel beds, which in return needs to be desorbed by the low grade heat source. Shahzad
et al. distinguished between payable and non-payable energy, where the heat input to
the adsorption material is non-payable energy such as waste heat and does not need
to be considered for the system efficiency [19]. For this reason, Shazhad et al. report
extraordinary performances for MEDAD compared to MED alone.



































































MED - RR = 0.1
MEDAD - RR > 0.1
MED - RR = 0.3
MEDAD - RR > 0.3
(c)
Figure 4.16: STC compared for MED and MEDAD as shown in table 4.4.
(a) The inlet concentration is constant for all cases at 0.5 mol/kg NaCl
(b) Inlet concentration of 1.5 mol/kg NaCl
(c) Comparison of MED and MEDAD at different heat source temperatures for an inlet
concentration of 0.5 mol/kg. N and RR varies between the data points. Scenarios #
1, 3 and 6 for RR = 0.1 and Scenarios # 2, 4 and 7 for RR = 0.3 in table 4.4
When the energy to the first MED effect and the AD system are both considered the
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benefits of the increased temperature gap falls behind the additional energy require-
ments of the MEDAD system. In addition, the benefit of the bigger temperature gap
is debatable as well. The analysis in Fig. 4.3 shows that the BPE for seawater desali-
nation is comparably low at about 0.4 °C, where the BPE is the minimum temperature
difference between two effects. The additional temperature difference facilitates the
heat transfer from one effect to the next. Thus, well-designed heat exchangers could
allow as many MED effects as MEDAD would allow from an economical point of view.
Hammond et al. presented the design of MED with 30 effects vertically arranged in
a 160 m high tower and TBT = 110 °C [118]. Al-Shammiri and Safar reviewed MED
plants and reported systems between 4 and 55 effects [70]. Thus, the temperature gap
for MED alone is already big enough to build very large systems. However, MEDAD
can be an option to increase the distillate output of an existing MED plant by adding
additional effects without increasing the STC as it was also suggested by Thu et al.
[126].
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4.3 Absorption Vapour Compression
Absorption heat pumps can be combined with multi effect distillation similar to MED-
AD to increase the temperature frame of the MED system below ambient temperatures
and with it the number of stages. Another application for absorption systems is Sin-
gle effect Absorption Vapour Compression ABV C as described by El-Dessouky and
Ettouney [64]. El-Dessouky and Ettouney reported that the system can utilise heat
sources between 50 °C to 100 °C, where it achieves performance ratios 2.5 to 3. The
simplicity of the system combined with the high performance ratio make ABVC an
interesting option for the RED Heat-to-Power process.
4.3.1 UniSim modelling
The ABVC system consists of a single stage absorption heat pump and an evaporator
effect. The evaporator effect is thermally integrated with the absorption heat pump,
while having to separate salt solutions. The absorption cycle utilises a 27 wt-% LiBr
solution, which is separate from the seawater feed to the evaporator effect. The heat
integration allows the exchange of heat between the two: the heat of absorption is used
to preheat the feed stream, the hot vapour from the absorption generator is used to
heat the tube bundle inside the evaporator effect by transferring its sensible and latent
heat into the seawater. On the other hand, the LiBr-solution absorbs colder vapour
extracted from the evaporator effect. The motive steam is heating the absorption gen-
erator at 90 °C in Fig. 4.17 and no external heat is supplied to the seawater evaporator.
UniSim offers the advantage of using the OLI electrolytes package to precisely assess
all the properties of the two salt solutions. NaCl and LiBr are common salts reported
in numerous publications and OLI can be very accurate in this case. In addition, the
ABVC system solely consists of standard components present in UniSim, which allows a
straightforward implementation of the system to test the performance. The system has
been reported in the literature [64], but the performance analysis of El-Dessouky and
Ettouney is rather basic and not as accurate in the thermodynamics as UniSim. Thus,
this study aimed at replicating the flow-scheme reported by El-Dessouky and Ettouney
and to assess the STC of the system in one single waste heat source case of 90 °C.
The model of El-Dessouky and Ettouney already showed a temperature independence
of ABVC on the PR between 50 and 100 °C for seawater [64]. Here, the impact of the
salt type and concentration are investigated for LiCl and NaCl. The lowest molality of
1 mol/kg is similar to the concentration of seawater, whereas the higher concentrations
are of interest for the RED Heat-to-Power process, where a higher salinity leads to a
higher Gibbs free energy of mixing, which can be converted into electricity by Reverse
Electrodialysis.
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Figure 4.17: The absorption vapour compression scheme of El-Dessouky [64] imple-
mented in UniSim using the OLI electrolytes package.
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4.3.2 Results
The ABVC system’s performance for two different salts and feed salinities are shown
in Fig. 4.18. In case of NaCl, the performance is independent of the salinity. In case
of LiCl, the performance decreases by 5 % from 1 m to 5 m and decreases by 20 %
compared between 1 m and 10 m. LiCl has a higher BPE than NaCl leading to a larger
concentration dependency of the energy consumption. The water vapour from a salt
solution is superheated by the BPE. Thus, a higher BPE leads to a lower condensation
temperature of the vapour, which reduces the energy efficiency. However, compared to
other desalination systems like MED the 20 % performance decrease is small, because
the high BPE limits the number of effects and the MED performance significantly.







































Figure 4.18: The influence of the feed salinity on the system performance.
Tfeed,in = 25 °C and Ts = 90 °C
(a) Performance Ratio. (b) Specific Thermal Consumption.
Fig. 4.19a assesses the number of effects a MED plant can have for LiCl at feed salinity
of 10 m. The BPE in Fig. 4.19a was assessed through the water activities aw of LiCl
[127] and Psat,LiCl = Psat,w ⋅ aw, where the saturation pressure of pure water Psat,w can
be calculated with NIST REFPROP [103]. LiCl at 10 m has a BPE of 17-23 °C. The
high BPE limits the number of MED effects to 3 (Fig. 4.19a), because superheated
steam evaporates in each effect at Tv,i, which can only be condensed at Tv,i −BPEi in
the next effect resulting in a maximum number of 3 effects despite Ts = 90 °C.
A three effect MED system is shown in UniSim in Fig. 4.7, where the feed concentration
was adjusted to 10 m, the salt to LiCl and the heat source temperature to 90 °C for
the purpose of the comparison in Fig. 4.19b. In Fig. 4.19b, the two systems achieve
similar PR at a feed concentration of 10 m. Fig. 4.19b shows that ABVC has the
same PR ≈ 2 and STC ≈ 300 kWh/m3 as MED has under the same conditions. Both
systems require 3 main vessels, but ABVC has only 4 heat exchangers, whereas three
MED effects need 7 heat exchangers in total. This in combination with the comparable
70
performance make ABVC a striking alternative to MED for high salt concentrations.
However, ABVC has never been investigated experimentally [64] and there remains a
strong need to prove the concept experimentally.













































































Figure 4.19: The influence of the feed salinity on the system performance.
Tfeed,in = 25 °C and Ts = 90 °C
(a) A MED system with an aqueous LiCl feed at 10 m and Ts = 90 °C can only have
3 effects, while the BPE is 17-23 °C.
(b) The 3-effect MED system compared to ABVC with an aqueous LiCl feed at 10 m
and Ts = 90 °C for both systems
4.4 Conclusions
Three different desalination technologies have been investigated in terms of their Spe-
cific Thermal Consumption assessing the thermal energy required to produce a cubic
meter of water. Multi effect distillation is known as one of the most energy efficient
ways to produce distilled water at a large scale. The first part of the investigation shows
the importance of the number of effects on the MED system performance and how it
is determined. The minimum temperature difference between two effects is the boiling
point elevation of the brine solution. However, the heat exchangers within the effect
require a certain temperature difference between the inside and the outside as well. Im-
proving the heat exchangers and minimising the required temperature difference allows
maximising the number of effects and with it the energy efficiency. For example, the in-
vestigation in UniSim showed that a MED system of 5 effects has STC ≈ 145 kWh/m3,
while a system of 27 effects has STC ≈ 30 kWh/m3. Moreover, the investigation demon-
strated that the main factor determining the thermal efficiency is the number of effects.
One aspect determining the number of effects is the heat source temperature, because
a larger temperature window between heat source and ambient temperatures allows
more effects to operate in between. Factors like salt type and concentration affect the
STC by up to 15 % at the same number of effects based on the scenarios investigated,
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which is much less than the number of effects. However, salt type and concentration
limit the maximum number of effects. A 10 mol/kg feed solution of LiCl allows only
3 MED effects at a high heat source temperature Ts = 90 °C. In this case, MED
is less advantageous compared to other desalination system like Absorption Vapour
Compression, where both systems achieve STC ≈ 300 kWh/m3. Absorption Vapour
Compression features a simpler process design and the STC is almost independent of
the salt concentration as the STC increases by 20 % when the LiCl feed salinity is
increased from 1 to 10 mol/kg.
Some authors have suggested combining MED with Adsorption Desalination forming
a MEDAD system. MEDAD increases the maximum number of effects compared to
MED alone as the adsorption desalinator works like a heat pump cooling the last effect
down to 5 °C instead of ambient temperature. Additional effects can be added to MED
below ambient temperature increasing the distillate output. However, the adsorption
beds require additional energy input, which needs to be added to the STC. Therefore,
the simulations in a thermodynamic model in Matlab showed that MED and MEDAD
have almost the same performance. Only at very low heat sources below 60 °C MEDAD
has a slightly better performance than MED alone. In addition, an isotherm analysis
showed that adsorption materials utilise less than a third of their saturation capac-
ity, when the last effect is operated at 5 °C. Hence, the silica gel adsorption beds of a
MEDAD system would be large when the working capacity is about 0.05 gw/gsg. There-
fore, MEDAD was discarded for further study and the focus was laid upon adsorption
desalination alone for further investigations.
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Chapter 5
Experimental adsorption test rig
Adsorption desalinators evolved from adsorption chillers, have a similar design, but
are operated differently as cooling is sacrificed for a large working capacity. Several
adsorption desalinators have been presented and tested in the literature, but their
design is large (> 10 kg). The best performing system in the literature is also the
largest with 144 kg of silica gel split between four beds [17].
The currently world’s smallest, reported system was designed, built and tested here.
It can be operated with as little as 0.025 kg of adsorption material. The small scale
enables testing of non-commercial adsorption materials, which cannot be obtained in
large quantities yet. In addition, the system is designed in a modular way to easily
change components (e.g. heat exchanger, vessels). The design has been presented
at the International Conference on Applied Energy, Hong Kong 2018 [128] and in a
publication [129].
Silica gel was first tested comprehensively as benchmarking material to show the system
performance in comparison to larger systems in the literature. The results have been
presented in [130].
Afterwards the investigation moved to an Ionogel material, which has never been tested
in adsorption desalination before. First experimental results have been shown in [131].
5.1 Design
5.1.1 An overview of the adsorption test rig
The adsorption test rig is designed to utilise low-grade heat up to 90 °C. An image of
the entire set-up can be seen in Fig. 5.1.
The four adsorber vessels are secured on an aluminium frame. The vessels are connected
to the pipework of the heating and cooling cycle, which features rotameters to determine
the flow rates and three thermostatic baths. The thermostatic baths provide water at
three temperature levels: desorption < 100 °C, adsorption/condensation 20-35 °C and
evaporation 5-35 °C. The system is controlled by a Labview code on a PC through
a DAQ board and Modbus communication protocol. The copper line in the back of
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the photo shown in figure 5.1 supplies compressed air to the electro pneumatic valves
interconnecting the vessels. All the main items used to build the rig are listed in
the appendix A.2 with the exception of a detailed list of the fittings and other minor
components.
5.1.2 Computer-aided design and assembly
The test rig was designed in a computer-aided design CAD software (Siemens Solid
Edge ST9) in a 3D model. The 3D design aimed to help the workshop in building the
real test rig. Having the test rig in a 3D computer model helped to make sure that
all the vessels are compatible to each other during the assembly. The drawings of each
vessel are shown in detail in appendix chapter D.1. Fig. 5.2a presents a 2D drawing of
the four vessels and Fig. 5.2b shows the four vessels during construction of the test rig
in the technical workshop of the School of Engineering at the University of Edinburgh.
The vessels are made of 316L stainless steel sheets with a thickness of 3 mm. The
sheets were machined to size by the technical workshop and welded together. ISO-KF
vacuum flanges in 316L steel were acquired in DN10, DN16, DN25 and DN40 (Pfeiffer,
Germany). A full item list is given in appendix A.2. The DN10 flanges are used for
the thermocouple feedthroughs and to connect vacuum ball valves (Vacom, Germany)
to the vessels. The adsorbers are connected to the condenser using DN16 flanges
and to the evaporator using DN25 flanges. Electro-pneumatic valves are assembled
between the connections between the vessels as seen in Fig. 5.2b. The valves are very
durable and have large orifices (DN16 and DN25) for the vapour to flow between the
vessels. Evaporator and condenser each have DN40 viewports (Pfeiffer, Germany),
which are connected to the vessel by the DN40 flanges. The assembled test rig sits on
an aluminium frame to be accessed from all sides (Fig. 5.2b).
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Figure 5.1: The adsorption test rig from left to right: The four adsorber vessels, the
heating/cooling cycle, the thermostatic baths and the control PC.
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(a) (b)
Figure 5.2: (a) Computer-aided design front and side view of test rig.
(b) The assembled vessels mounted on their aluminium frame for the first time.
5.1.3 Process design
Two water loops simplify the piping of the system [132] and supply water from the
thermostatic baths to the heat exchangers. The thermostatic baths provide heating or
cooling water at three different temperature levels: cold, ambient and hot (Fig. 5.3a).
Much larger heat sources are usually required to supply the beds of adsorption de-
salinators. By contrast, regular thermostatic baths are sufficient to heat and cool the
0.2 kg of silica gel inside each bed. The pipework, the heating and cooling loops and
the rotameters can be seen in Fig. 5.3b.
The system features a recirculation line (Fig. 5.3c) and heat recovery (Fig. 5.3d). A
heat recovery system improves the energy efficiency of the system by connecting the
two adsorbers (Fig. 5.3a). No additional pumps are required for the heat recovery,
because the pumps of the thermostatic baths are sufficient to pump water through
the two adsorber heat exchangers in series. The heat recovery system uses two stain-
less steel solenoid valves (Type Ja, Connexion, UK/China) allowing to flow cold water
through the hot adsorber bed after the end of a half cycle. The cold water is heated
and flows through the cold bed afterwards transferring the heat to the cold bed. The
recirculation line features a vacuum solenoid valve (Pfeiffer Vacuum, Germany) that




Figure 5.3: (a) The flow diagram of the adsorption test rig. (b) Photograph of the
pipework supplying the test rig with heating and cooling water. (c) Recirculation line
connecting condenser and evaporator. (d) Heat recovery solenoid valves.
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5.1.4 Heat exchanger design
The heat exchangers inside the vacuum vessels are some of the most important com-
ponents of the system. Therefore, it is important to select and design them carefully.
However, the heat exchanger size required by the small-scale adsorption test rig is gen-
erally difficult to obtain as commercial heat exchangers are usually much bigger. Hence,
custom-made heat exchangers were obtained.
This work investigated two different heat exchanger designs and materials to allow
a better understanding on their impact on the system performance. Each one of the
two different heat exchanger sets was made of a different material and a different ge-
ometry within the constraints given by the vessels. The materials were evaluated on
the basis of their thermal diffusivity.
The geometrical design of the heat exchangers
The geometries of the two heat exchanger designs are shown in figure 5.4. The alu-
minium heat exchangers were manufactured by RC Racing (Cellole, Italy), while the
copper heat exchangers were manufactured by Coolex Heat Transfer Ltd (Nottingham,
UK). The geometrical design was influenced by the requirement of the process as well
as the experiences of the manufacturers. The first heat exchangers have a finned design
with channels to hold the silica gel beads. The water flow channels have baffles to
increase the turbulence and thereby improve the heat transfer.
The second heat exchanger is inspired by a design which was popular from the 1920’s
to the 1950’s, which was then superseded by the packed construction core. The packed
construction core was adapted for the evaporator (Fig. 5.5). The design of the cop-
per heat exchangers seemed ideal for the adsorption process, because it allows water
vapour to access the material from all directions. Moreover, the new design requires
less material than the aluminium design, which also resulted in the lower weight of the
copper heat exchangers (500 g) compared to the aluminium heat exchangers (600 g).
The lower weight is an important feature and could be achieved by reduced wall thick-
ness, because the density of copper is three times higher than aluminium. Therefore,
the improved thermal conductivity and heat capacity were expected to reduce the en-
ergy input required to heat/cool the material as well as improve the heat transfer. The
open design also allowed to load more silica gel into the heat exchangers by increasing
the capacity from 200 g to 250 g. The increased weight of silica gel and the reduced
weight of copper resulted in an improved heat exchanger to silica gel mass ratio of 2:1
from 3:1. Copper has another advantage, as brass fittings are readily available to avoid
corrosion, while aluminium fittings are rare.
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Figure 5.4: The adsorber heat exchangers: (top) aluminium, (bottom) copper.
The aluminium heat exchangers of the evaporator and condenser are shown in Fig.
5.5 with a mass of 150 g and 415 g respectively. The evaporator heat exchanger is
placed flat, horizontally, and fully submerged in the liquid phase, while the condenser
heat exchanger is operated vertically in the vapour phase. The finned design of the con-
denser heat exchanger allows condensed water droplets to flow down the heat exchanger
towards the bottom of the condenser vessel.
(a) (b)
Figure 5.5: (a) The aluminium heat exchangers of evaporator (left) and condenser
(right). (b) The evaporator heat exchanger with PEEK plates and brass fittings.
5.1.5 Packing the heat exchangers with adsorbent
The aluminium heat exchangers were packed with 210 g of silica gel each (Siogel
0.5-2 mm, Oker Chemie GmbH, Germany). The silica gel beads were secured with
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a polymer mesh (290 µm, open area 50 %, Plastok meshes and filtration, UK), which
was glued to the heat exchanger using Loctite 454 adhesive. Fig. 5.6 shows both
aluminium heat exchangers packed with silica gel.
Figure 5.6: The two aluminium adsorber heat exchangers packed with silica gel before
starting the experiments.
The open design of the copper heat exchanger did not allow the use of the polymer mesh
from Fig. 5.6. Thus, a softer polyamide mesh (Sainsbury’s, UK) was used to secure
the beads. However, the polyamide itself became bulky as it is not strong enough to
retain the beads inside the heat exchanger. Thus, perforated aluminium plates (6 mm
hole, 0.7 mm thickness, 78 % open area, RS Components Ltd., UK) were adhered to
the heat exchanger to avoid the bulky expansion of the polyamide mesh towards the
vessel walls. The assembled heat exchanger with polyamide mesh, perforated plates
and packed with 250 g of Siogel can be seen in Fig. 5.7a.
Ionogel (silica supported ionic liquid) was tested using the aluminium heat exchangers
(Fig 5.7b). Twenty channels of the heat exchanger were filled with Ionogel in monoliths.
The remaining channels were filled with polyethylene beads to reduce the void volume
inside the vessel as void volume has a negative impact on the performance. The heat
exchanger filled with Ionogel and polyethylene beads is displayed in Fig. 5.7b.
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(a) (b)
Figure 5.7: (a) The copper heat exchanger packed with silica gel, which is secured by
a polyamide mesh and perforated aluminium plates.
(b) The aluminium heat exchanger filled with Ionogel monoliths and polyethylene
beads.
5.1.6 Data acquisition and control
The data acquisition and control of the test rig was accomplished using an Advantech
ADAM 5000 board with input modules for the thermocouples and pressure transducers
and output modules to control the solenoid valves. The ADAM board and the wire
connections were set up by the technical support at the School of Engineering of the
University as well as the Modbus connection. However, the implementation of the con-
trol sequence, the data acquisition and the user interface were implemented in National
Instruments Labview 2016 as part of this work.
The user interface shown in figure 5.8 features a simplistic, intuitive design with the
P&ID at its core. Within the P&ID the solenoid valves are represented by Boolean
lights and the temperatures are displayed at their measuring point. The pressures are
displayed on the side to avoid overloading of the P&ID. In addition to the input sig-
nals of the thermocouples and pressure transducers, the readings from the flow meters
have to be entered manually. All the readings can be saved to a text file by turning
the switch “Start DAQ” in the left bottom corner of the user interface. The time and
the state of the sequence as seen in table 5.1 are saved in the text file along with the
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temperatures [°C], pressures [bar] and volumetric flow rates [ml/min]. The readings
are saved to the file once per second.
Figure 5.8: The software interface of the Labview control code.
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The sequence implemented for the operation of the test rig is shown in table 5.1. Each
one of the sequence steps is time controlled, where the time has to be entered manually.
A step can be skipped by setting the time to zero, which for example, allows to skip the
heat recovery mode or recirculation mode to run the system in its most basic set-up.
In addition, all valves can be actuated manually by turning the control wheel on the
top left to “manual”. The wheel setting “Sequence” starts the sequence, but only if the
sequence times of isosteric heating/cooling and adsorption/desorption are greater than
zero. If they equal zero, the system is set in a safety mode, where all valves are closed.
This prevents them from entering an endless loop of rapidly opening and closing the
valves. The safety mode can be left by inserting values for the times and pressing the
“reset” button afterwards.
Table 5.1: The sequence of the valves in Fig. 5.8. All states refer to adsorber 1,
while adsorber 2 is in the opposite state: 1: Isosteric Cooling, 2: Adsorption, 3: Heat
Recovery, 4: Isosteric Heating, 5: Desorption, 6: Heat Recovery, 7: Recirculation.
E = electropneumatic valve. SV-In/Ex = solenoid valves of heating and cooling loops.
HR = solenoid valves of heat recovery. Re. = solenoid valve of recirculation line.
X = closed. O = open.
States 1 2 3 4 5 6 7
E1 X X X X O X X
E2 X O X X X X X
E3 X X X X O X X
E4 X O X X X X X
SVEx1 X X X O O X X
SVEx2 O O O X X X X
SVEx3 X X X O O O X
SVEx4 O O X X X X X
SVIn1 X X O O O X X
SVIn2 O O X X X X X
SVIn3 X X X O O X X
SVIn4 O O X X X O X
HR1 X X X X X O X
HR2 X X O X X X X
Recirc X X X X X X O
5.1.7 Experimental procedure
Before each experiment the evaporator was filled with 500-600 ml of deionised water.
Ng et al. have investigated the impact of the salinity on the performance [17]. They
showed that the performance ratio does not change with the salinity and the SDWP is
reduced by less than 10 % by using seawater instead of deionised water [17]. Deionised
water reduces the risk of galvanic corrosion of the aluminium heat exchangers inside
the stainless steel vessels. Thus, it was chosen for the experiments.
After the evaporator was filled, the evaporator was briefly connected to the vacuum
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pump to lower the pressure to about 2-5 kPa to degas the water. A coldtrap was
used to protect the vacuum pump from water vapour. The evaporator was usually
left under vacuum overnight to degas the water. The high vacuum tightness of the
system (about 1 ⋅ 10−6 Pa/(m3s)) allows to run the vacuum pump only before the start
of each experiment to pull a vacuum. During the experiment the vacuum pump can be
switched off.
To start the experiment, the vacuum is pulled from each vessel down to the saturation
pressure of water at the vessel temperature (≈1-4 kPa). Moreover, the thermostatic
baths need to be switched on and set to the target temperatures of the experiment
for evaporator, condenser+adsorption and desorption. The valve of the compressed air
line needs to be opened and the pressure regulator set to 4 bar. Then, the cycle times
is entered into the Labview control software and data acquisition needs to be started
by switching the toggle in Fig. 5.8. In addition, the flow rates need to be read from
the rotameters and manually entered into the respective fields in Labview.
The system runs fully automated until the operator decides to end the experiment by
switching all valves off and stopping the data acquisition. The thermostatic baths also
need to be turned off. The system can then remain under vacuum for a few days until
a new experiment is conducted. In this case, the water is already degassed and a new
experiment can be started again right away. In case no additional experiments are
planned in the near future, the vacuum ball valves need to be opened and the water
from the evaporator needs to be drained to allow the system to dry.
5.1.8 Data evaluation
The water production ṁw is determined through an energy balance for the condenser:
ṁw =
ṁcond,in cp,w (Tcond,in − Tcond,out)
L
(5.1)
where ṁcond,in [kg/s] is the mass flow of cooling water supplied to the condenser heat
exchanger, cp,w [kJ/(kgK)] is the specific heat of water, L [kJ/kg] is the latent heat,
and Tcond,in/out [K] the temperature differences between the inlet and outlet of the heat
exchangers.
The energy balances to determine the heat input to each vessel [kJ/s] are:
Q̇des = ṁhot cp,w (Tdes,in − Tdes,out) (5.2)
Q̇evap = ṁevap cp,w (Tevap,in − Tevap,out) (5.3)
Q̇cond = ṁcond cp,w (Tcond,in − Tcond,out) (5.4)
Where ṁ is the mass flow rate of water from the thermostatic bath [kg/s], cp,w is the
specific heat of water [kJ/(kgK)] and the temperature difference between the inlet Tin
and outlet Tout to the heat exchanger [K].
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The energy balances and water production are required to calculate the performance
indicators in adsorption desalinaton and cooling: SDWP, PR, COP and SCC, which
are described in eq. (2.2-2.5) in section 2.2.1. The reduced temperature Tred is a useful
tool to compare different experimental results and it is also introduced in section 2.2.1
eq. (2.1).
Heat losses
Heat losses have been neglected, because the evaporator and condenser both operate at
ambient temperature in adsorption desalination. The adsorber heat exchangers operate
above ambient temperature during desorption. However, they are in a vacuum vessel,
where the vacuum insulates the heat exchangers from the vessel walls. Moreover, the
inlet and outlet tubes are thermally decoupled from the vessel by the PEEK plates,
which further reduces heat losses. However, experimental heat losses were measured for
the adsorber vessels, where the biggest heat losses occur, because the beds are heated
to a maximum of 85 °C during desorption. For this, a baseline test was conducted
where the empty aluminium heat exchangers were heated to 60 °C, 70 °C, and 80 °C.
The results are shown in table 5.2 and in appendix D.3 in detail. They highlight that
even at 80 °C the heat losses are only 20 W, while the peak heat input to the system is
900 W without heat recovery and 500 W with heat recovery [129]. Therefore, the heat
losses are small for the adsorbers.
Table 5.2: Experimentally obtained heat losses.







The experiments in the test rig are split in three parts according to table 5.3. The first
part presents a comprehensive analysis of silica gel in a performance analysis includ-
ing a literature comparison. The system is then characterised beyond the established
performance indicators in an adsorption cycle analysis and a novel thermal response
experiment.
The second part presents the novel work on silica supported ionic liquids. Ionogels
have never been tested in adsorption desalination. A preliminary screening of com-
mercial ionic liquids identified the most promising possibilities for the experimental
investigation. The experimental analysis presents a full characterisation of an Ionogel
for different regeneration temperatures and times.
The third part of the experimental investigation is shown for silica gel in combina-
tion with the copper heat exchangers. The copper heat exchangers were lighter with a
more open design, but the tests were not successful due to a malfunction of the heat
exchanger, which is described in appendix D.4.
Table 5.3: Experimental testing split in three parts. The first two parts were performed
with aluminium heat exchangers.
Part I: Silica gel
• Comparison with literature
• Performance analysis
• Adsorption cycle analysis
• Cycle time analysis
• Impact of heat recovery
• Characterisation of the adsorber
• Thermal Response Experiment
• Low temperature regeneration ≥ 40 °C
Part II: Ionogel
• Ionic liquids screening
• Ionogel possibilities and challenges
• Preparation of Ionogel for test rig
• Low temperature regeneration ≥ 25 °C
• Cycle time analysis
Part III: Copper heat exchangers
In appendix D.4.
The copper heat exchanger did not function as intended.
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5.3 Results part I: Silica gel
5.3.1 Comparison with literature
The SDWP is the key performance indicator in adsorption desalination as it describes
the efficiency of the adsorption material and system. The SDWP can be maximised by
fast cycle times in combination with a large working capacity, which is a result of little
heat and mass transfer limitations, well designed heat exchangers, and a minimised
void volume within the system. In addition, the SDWP is very sensitive to the system
operating parameters and is largest in desalination when evaporator and condenser
operate at the same pressure as this maximises the working capacity. Cooling requires
a low evaporator temperature and pressure, which reduces the working capacity of the
adsorption material.
Silica gel is an inexpensive, commercially available adsorption material. Thus, silica gel
is commonly used as benchmark material in adsorption desalination and it is ideal for
the comparison of different system designs. Fig. 5.9 compares different systems using












































































Figure 5.9: The systems performance in comparison to the best experimental results
reported in the literature for silica gel [17, 46, 47, 53, 55, 133]. The highest SDWP in
this study was achieved at Tevap,in = Tcond,in = 30 °C, Thot,in = 80 °C and a half cycle
time of 600 s.
Ng et al. [17] have reported the performance of their system in several configura-
tions, where they have achieved the best results for silica gel. The best performance
was achieved with the four beds configuration and heat integration between condenser
and evaporator. The heat integration lifts the evaporator inlet temperature above the
condenser inlet temperature, which leads to Pevap ≈ Pcond and improves the working
capacity. In this configuration their large scale prototype with 144 kg of silica gel
achieved a SDWP = 14.2 kgw/(kgsgd) at Thot,in = 85 °C. The experiments of the four
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bed system [52, 134] were not compared to the two bed system presented here.
Ng et al. also reported the performance of the four bed system operated in two bed
mode and without heat integration between their evaporator and condenser [17]. In this
configuration, their prototype achieved SDWP = 8.2 kgw/(kgsgd) at Thot,in = 80 °C,
Tevap,in = Tcond,in = 30 °C, and a half cycle time of 600 s as displayed in Fig. 5.9
for comparison. At the same conditions, the adsorption desalinator introduced in this
study reached SDWP = 7.7 kgw/(kgsgd), which is 6 % lower. All other desalinators
reported in the literature and utilising silica gel have much lower performances [53, 55].
Ng et al. have proposed the largest system with a total of 72 kg of silica gel in two
beds mode, while the desalinator of this study is the smallest system design with a
total of only 0.4 kg of silica gel. Hence, the smallest and the largest systems achieve
the best performances in the literature highlighting that for properly designed systems
the system size is irrelevant to the performance.
5.3.2 Performance analysis
The performance of the system varies depending on the cycle time and the temperature
of the heating and cooling water supplied to the vessels. Both, the SDWP and SCC col-
lapse on a single curve respectively when plotted over Tred. The reduced temperature is
a dimensionless quantity, which considers the three system temperatures from eq. (2.1)
allowing the comparison of different temperature lifts and heat source temperatures in
a single graph.
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Figure 5.10: (a) The SDWP plotted over Tred based on inlet temperatures in com-
parison to the literature [47, 49]. The half cycle times are 600 and 1200 s, while
Thot,in = 60-85 °C.
(b) The Specific Cooling Capacity plotted over Tred in relation to the literature [49].
The half cycle times are 600 and 1200 s while Thot,in = 60-85 °C.
In Fig. 5.10, Tred is based on the inlet temperatures to the heat exchangers of the ves-
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sels. This allows the comparison of this study to the best performing reference system
in the literature presented by Ng et al., because their results are based on the inlet
temperatures as well [47, 49]. Desalination applications require Tred < 0.2, where the
two systems show an almost identical performance in Fig. 5.10. The SDWP is highest
at Tred < 0.2 in Fig 5.10a as the working capacity increases the closer the pressures in
evaporator and condenser are to each other.
The SCC of the reference system is even exceeded at Tred = 0. For cooling applications
Tred > 0.2, the performance achieved in this study is below the reference system, which
is due to limitations of the evaporator. The performance can be improved by a larger
evaporator heat exchanger surface area and spray nozzles, which increase the water
surface area and the evaporation rate as in the reference system [49]. Both measures
improve the relative humidity (RH) in the evaporator during adsorption, which is the
ratio of the vapour pressure in the evaporator and the saturation pressure at the ad-
sorption bed temperature: RHads = Pevap/Psat(Tsg). The relative humidity for cooling
applications is RHads < 50 %, while in desalination it is up to 99 %. The evaporator
vapour temperature Tevap,vap is as much as 10 °C below Tevap,in, because of the cooling
effect of the evaporating water, which reduces the relative humidity, the evaporation
rate and the adsorption uptake.
The experiments in Fig. 5.10 show that at Tevap,in ≈ Tcond,in the vapour temperature
in the evaporator is below the condenser vapour temperature Tevap,vap < Tcond,vap,
which reduces the relative humidity, working capacity, and performance. For a maxi-
mum working capacity and performance, the vapour temperatures need to be Tevap,vap≈ Tcond,vap for Pevap ≈ Pcond as shown in Fig. 2.2b. Therefore, in Fig. 5.11a the in-
let temperature supplied to the evaporator Tevap,in was slightly increased over ambi-
ent temperature to improve the system performance. This measure compensates for
the cooling effect caused by the evaporating water vapour and leads to Tevap,vap ≈
Tcond,vap for a maximum performance. In Fig. 5.11a, the reduced temperature is based
on the vapour temperatures Tred,vap to account for this. The results show that the
SDWP increases by 41 % from 7.7 to 10.9 kgw/(kgsgd) when the system is operated at
Tevap,vap ≈ Tcond,vap (Fig. 5.11a). The result was achieved with the inlet temperatures
Thot,in = 80 °C, Tcond,in = 25 °C, Tevap,in = 35 °C and a half cycle time of 1200 s.
The optimised operational strategy found in this study increases the performance of
the adsorption material by maximising the working capacity. Thu et al. used a similar
strategy to achieve an SDWP of 9.96 kgw/(kgsgd) at Thot = 70 °C by implementing
an internal heat recovery between evaporator and condenser to their 4-bed adsorption
desalinator [52]. The latent heat of the condensing water increases the cooling water
outlet temperature, which is then sent to the evaporator to achieve Tevap,in > Tcond,in
leading towards Pevap ≈ Pcond. By contrast, the system presented in this study has a
simpler set-up with only two adsorber beds.
The combination of chilling and desalination has recently gained a lot of attention
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[47, 49, 56, 60, 135, 136]. Most studies employ silica gel-water as working pair, which
is has a good performance for desalination as shown in Fig. 5.11a at Tred < 0.1. A
change of Tred > 0.1 in Fig. 5.11 provides cooling in addition to potable water. How-
ever, cooling as well as the water production decrease at higher Tred. The system
performance is reduced by more than 60 %, when the evaporator is operated below
10 °C, where the COP is reduced from 0.9 to less than 0.3 (Fig. 5.11b) and SDWP
from 10.9 kgw/(kgsgd) to less than 4.5 kgw/(kgsgd) (Fig. 5.11a).






























































Figure 5.11: (a) The SDWP investigation extended to cases where Tevap,vap ≈ Tcond,vap.
Thus, Tred,vap is based on the vapour temperatures here. The half cycle times are
600 and 1200 s. 85 °C ≥ Thot,in ≥ 60 °C.
(b) The COP for different Tred,vap. The half cycle times are 600 - 1200 s including 90 s
heat recovery time, ambient temperature 25-30 °C, and Thot ≤ 85 °C.
5.3.3 Adsorption cycle analysis
Theoretical analyses of adsorption desalination often focus on the theoretical perfor-
mance by studying the thermodynamic cycle [62]. This approach neglects the heat
and mass transfer limitations of real systems. Fig. 5.12a complements the theoreti-
cal analysis by showing the experimental adsorption cycle at two different cycle times
against the thermodynamic cycle. The system follows the cycle in a clockwise direction
1→2→3→4→1 in Fig. 5.12a. The plot can be used to compare the deviation from ideal
behaviour and reveals performance limitations at the same time.
In Fig. 5.12a from 2→3, the pressure inside the condenser is higher than the ideal
condensing pressure. This lowers the system performance, as the condenser does not
operate at ideal conditions. The pressure build-up can be reduced by increasing the
condenser surface area [137]. At insufficient condenser area, water vapour desorbs from
the material, but cannot condense at the same rate. The limited surface area is not an
issue to reach equilibrium, but it increases the cycle time.
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The ideal working capacity assessed through the thermodynamic cycle in Fig. 5.12a is
0.2 kgw/kgsg. The uptake is reduced to 0.13 kgw/kgsg at the long cycle time and at the
shorter cycle time to 0.08 kgw/kgsg.
The shorter cycle time affects both isosteres and shifts them closer together on both
sides in Fig 5.12a. Thus, at the shorter cycle time neither the adsorption nor desorption
capacity of the material are sufficiently used. By contrast, a longer cycle time allows
the material to adsorb water sufficiently as the experimental isostere and the thermo-
dynamic isostere 1→2 in Fig. 5.12a are almost overlapping. The isosteric heating and
cooling time was selected based on the time required to increase the pressure to the
condenser pressure. The two times of the system are equal to simplify the control se-
quence in table 6.6.
As a result, the cooling time is slightly longer than necessary, which can be seen from
the curve of the longer cycle time. The pressure inside the adsorber bed goes below
the pressure in the evaporator. Once the isosteric cooling time is elapsed, the valve
between evaporator and condenser is opened and the pressure inside the adsorber ves-
sel rises to the evaporator pressure. Flash evaporation takes place in the evaporator
and the pressure immediately increases (Fig. 5.12a). The slightly increased isosteric
cooling time does not have a negative impact on the performance since the isosteric
cooling time is only a fraction of the total cycle time. In addition, the flash evaporation
compensates for it.
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Figure 5.12: (a) The influence of the cycle time on the adsorption cycle in comparison
to the ideal, thermodynamic adsorption cycle. Thot = 85 °C, Tcond = 20 °C and Tevap
= 10 °C.
(b) The effect of an insufficient cooling time on the adsorption cycle. Thot = 60 °C,
Tcond = 20 °C and Tevap = 10 °C with tads/des=1200 s and tisos = 60 s.
Fig. 5.12b illustrates how insufficient isosteric heating and cooling times affect the
adsorption cycle. During isosteric heating the pressure of the adsorber vessels is still
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below the condenser pressure. When the valve between the two is opened, a flash evap-
oration occurs again with water evaporating from the condenser and adsorbing onto
the adsorption material. This can be seen in Fig. 5.12b as the material shifts to a more
saturated isostere.
The same effect occurs during isosteric cooling. The valve is opened before the adsorber
vessel reaches the lower evaporator pressure and water desorbs from the material into
the evaporator, while the material shifts to a drier isostere on the right. Therefore, the
material desorbs while it should adsorb. The isosteres in Fig. 5.12b move further apart
from one another, but the useful working capacityΔq remains the same. Thus, more en-
ergy is needed to reverse the additional and adversely occurring adsorption/desorption,
which reduces the performance of the system. Therefore, it is imperative to operate
at optimal isosteric heating and cooling time to reach Pads ≥ Pcond before connection
adsorber to condenser.
5.3.4 Impact of heat recovery
The first set of experiments were conducted with the basic system set-up without heat
recovery or recirculation line. The PR without heat integration was 0.48 at long cycles
times as shown in Fig. 5.13a. The heat recovery has the largest impact on the PR
at very short half cycle times, where it improves the PR by a factor of three from
0.10 to 0.33 at 200 s. This half cycle time leads to a high frequency of heating and
cooling the adsorber beds. The working capacity of the silica gel is reduced at short
cycle times, while the aluminium heat exchangers have to be heated and cooled from
ambient temperature to 80 °C during each cycle regardless of the cycle time requiring a
fixed amount of energy to heat the metal mass Qalu. At short cycle times, the material
adsorbs little water during each cycle, while the metal mass needs to be heated and
cooled at high frequency leading to a low PR. At long cycle times the working capacity
of the material increases towards equilibrium, while the impact of Qalu on the PR be-
comes less dominant. Therefore, the impact of the heat recovery on the PR decreases,
but the PR remains 25 % higher even at long cycle times with a maximum PR of 0.6.
At half cycle times longer than 600 s the SDWP is essentially independent of the heat
recovery (Fig. 5.13b). By contrast, the heat recovery has a large impact on the SDWP
at half cycle times below 600 s, which is unexpected as the SDWP in eq. (2.3) is inde-
pendent of the heat input to the adsorbers. The heat recovery reduces the external heat
input into the adsorbers, but does not affect the condenser. Thus, the impact of heat
recovery should improve the PR, but not the SDWP. The sharp drop in PR and SDWP
below 400 s can be explained by looking at the condenser inlet temperature. The inlet
temperature is set to 30 °C in all cases of Fig. 5.13 and the thermostatic baths can pro-
vide this inlet temperature except for two cases: 200 s and 400 s without heat recovery.
Here, the frequency of the cycles and heat input are too high for the bath to cool the
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returning ambient water to the set temperature leading to Tcond,in = 36 °C instead of
30 °C, which reduces the working capacity. The heat recovery overcomes this system
limitation by reducing the peak energy input. Therefore, less cooling power needs to
be provided and the overall system can cope with the fast cycles in virtue of the heat
recovery system.
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Figure 5.13: (a) The impact of the heat recovery on the Performance Ratio for varying
cycles times of the experiments at Tevap,in = Tcond,in = 30 °C, Thot,in = 80 °C.
(b) The comparison of the Specific Daily Water Production with and without heat
recovery under the same conditions as in (a).
Wang et al. [133] investigated the impact of heat recovery on their two bed adsorption
system for full cycle times of 250 s to 600 s with Thot = 85 °C, Tcond = 29.4 °C, and
Tevap = 12 °C. They reported an improvement of the PR by 30 % at short cycle times
and 16 % at long cycle times on a two beds adsorption system. Hence, their results are
comparable to this study with the exception of the very short half cycles in Fig. 5.13a.
In addition, they implemented a mass recovery step equilibrating the pressure of the
two adsorber beds by opening a valve between them, when switching the cycle from
adsorption to desorption. Implementation of mass recovery in combination with heat
recovery increased the PR of their system by 43 %.
Mass recovery is most effective at large pressure differences between evaporator and
condenser as it is the case in their study [133]. The large pressure difference between
Pevap and Pcond is present in cooling applications, where the mass recovery shortens
the isosteric cooling time and increases the working capacity. However, in desalination
applications mass recovery is not beneficial, because the evaporator and condenser
operate at Pevap ≈ Pcond leading to one constant pressure throughout the entire system.
Therefore, opening a valve between the two beds at the end of a cycle does not lead
to any vapour flow, because no pressure gradient is present within the system. As a
result, the performance of an adsorption desalinator cannot be significantly improved
with a mass recovery.
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5.3.5 Characterisation of the adsorber
The performance ratio is an indicator of the energy efficiency, but does not provide
information on how the energy input is used in the system. The energy input during
desorption contributes to heating of the aluminium heat exchangers, the adsorption
material as well as the heat of desorption. The experimental procedure was altered to
assess the energy required for each part of the process. In normal operation, the beds
with the silica gel are pre-heated for less than a minute to an intermediate tempera-
ture, which increases the bed pressure. Afterwards, the adsorber is connected to the
condenser and vapour desorbs from the material, while the bed is further heated up to
the regeneration temperature.
The results of the experiments shown in Fig. 5.14 allow to separate the energy required
to heat the beds from the heat of desorption. At first, the energy input of the blank
heat exchanger without silica gel was measured by cycling the empty heat exchanger
in temperature swings. This first step determines the sensible heat of the metal mass
of the heat exchanger. Afterwards, the beds were packed with silica gel to repeat the
temperature swings, but the preheating time was extended from 1 min to 20 min as op-
posed to a normal experiment. During the pre-heating phase, the beds are completely
heated up to the regeneration temperature, while only limited desorption takes place.
Hence, almost all the energy input can be associated with heating the aluminium heat
exchangers and the silica gel beads. After 20 min of pre-heating, the valve between
the adsorber and condenser is opened to desorb water for another 20 min. Moreover,
on the basis of the blank experiment it is possible to quantify the sensible heat of the
metal mass and the sensible heat of the silica gel. These experiments allow the sensible
heat of the metal mass and silica gel to be separated from the heat of desorption.
The peak of the heat input between t = 0-5 min in Fig. 5.14 can be attributed to heat-
ing the heat exchangers, silica gel and the adsorbed water from ambient temperature up
to the regeneration temperature. Here, the experiment with the blank heat exchanger
without silica gel shows the highest and shortest peak. This experiment depicts the
energy required to heat the aluminium alone that comes to (103 ± 5) kJ, which is 40 %
of the entire energy input to the system.
The result of the blank experiment was subtracted from the original experiment of
the heat exchanger containing material. The resulting curve of the difference shown
in Fig. 5.14a represents the energy input ascribed to the silica gel alone neglecting
the aluminium heat exchanger (sg alone). The energy required to heat the silica gel
amounts to (153 ± 21) kJ and includes the sensible heat of the silica gel and partial
water desorption. Some of the adsorbed water desorbs during the pre-heating phase,
because the extensive heating to the regeneration temperature causes the material to
leave the isostere. The partial desorption can be derived from the second peak of the
heat input, which represents the heat of desorption.
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Figure 5.14: Thermal response experiment to evaluate partition of energy input in terms
of sensible heat and heat of desorption. The adsorber heat exchangers are preheated to
80 °C for 20 min. Afterwards, the valve to the condenser is opened and water desorbs.
(a) Without heat recovery. (b) With heat recovery.
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A total of (40.6 ± 0.6) g of water was produced during desorption as shown in Fig. 5.14a
between 20 to 40 min. The ratio of the heat input of the second peak to the amount
of desorbed water is (1850 ± 100) kJ/kgw and can be ascribed to the heat of des-
orption. However, Sapienza et al. reported that Siogel-water has a heat of desorp-
tion of about 2800 kJ/kg [138]. Therefore, a part of the water desorbs during the
long pre-heating phase with water vapour filling the void volume in the adsorbers.
The ratio of the energy input without the aluminium heat exchanger to the pro-
duced water results in the Specific Energy Consumption leading to an experimental
SECexp = (3770 ± 520) kJ/kgw. In comparison, the thermodynamic SEC calculated
with eq. (6.21) predicts SEC = 3400 kJ/kgw. Thus, SECexp deviates by 10 % from the
thermodynamic SEC. The small deviation is due to the very long half cycle time of
40 min reducing heat and mass transfer limitations significantly.
A third experiment was conducted with the heat recovery to assess the energy savings
using heat recovery (Fig. 5.14b). The energy input with heat recovery amounts to
(216 ± 18) kJ, which is 16 % less than the energy input without heat recovery. The
energy savings of 16 % confirm the results of the PR analysis in Fig. 5.13a. Water
production is not affected by heat recovery, which is why the reduction of the energy
input by 16 % also reduces the PR. In addition, the peak power input is almost halved
from 850 W to 500 W due to heat recovery. Hence, heat recovery allows the system to
be connected to a smaller heat source to meet the peak demand.
5.3.6 Low temperature regeneration
Low temperature regeneration below 50 °C has a vast potential for adsorption desali-
nation as no other thermal desalination technology can efficiently operate at such con-
ditions despite the vast availability of heat. Fig. 5.15a extends the investigation below
Thot = 60 °C down to 40 °C. The experiments were performed at Tevap,vap ≈ Tevap,vap
like in Fig. 5.11a. The SDWP in Fig. 5.15a decreases by 70 % from 9.3 to 2.8
kgw/(kgsgd), when the temperature is reduced from 60 °C to 40 °C. In case of Thot,in
= 40 °C, the inlet temperatures to evaporator and condenser were Tevap,in = 28 °C
and Tcond,in = 25 °C. The energy consumption of the system does not change with the
low regeneration temperature of 40 °C. The PR is 0.68 when the slight heating of the
evaporator by 3 °C is neglected and it is reduced to PR = 0.38 including the evaporator
heating. These values are almost identical for Thot,in = 60 °C as well. Hence, silica gel
adsorption desalination is possible at 40 °C, but three times more silica gel is needed to
produce the same amount of water. The additional adsorption material increases the
size of the adsorption desalination plant, but not the specific energy consumption. The
PR is excellent considering that more than 700 MW are available from a single steam
power plant as heat source at this temperature [139]. Moreover, Fig. 5.15b highlights
that the system stably operates at 40 °C with smooth water production peaks. The
peak heat input is reduced to 200 W in Fig. 5.15b, which is less than halved compared
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to high regeneration temperatures Thot,in > 60 °C, because less heat is required to heat
the metal mass of the heat exchanger from ambient temperature to 40 °C.

































DA-Isotherm SDWP cycle time 2400 s
This study cycle time 2400 s
Thu et al. 2017 cycle time 1440 s
(a) (b)
Figure 5.15: (a) The SDWP at low temperature regeneration in comparison to the
4-bed system of Thu et al. [52] and a theoretical SDWP derived from the iostherm
assuming equilibirum can be achieved within 2400 s of cycle time.
(b) The water production and heat input at 40 °C heat source highlighting the feasi-
bility.
In comparison to the literature, the small-scale test rig has a 37 % higher SDWP at 50 °C
than Thu et al. in Fig. 5.15a [52]. Moreover, at 50 °C the SDWP is still relatively high
at 7.0 kgw/(kgsgd) and utilises almost the full available working capacity of the material
at SDWPDA = N ⋅ Δq where N = 86400
s
day
/tcycle and Δq is the working capacity from
the DA-equation eg. (4.32). For temperatures below 50 °C the results compared to
SDWPDA in Fig. 5.15a show that the possible working capacity of the silica gel derived
from the isotherms was not entirely utilised. A slight increase in Tevap,in could have
improved the SDWP further. However, the relative humidity was very high during the
experiment and reached 98 %. Tevap,in was not further increased to ensure RH < 100 %
to avoid condensation.
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5.4 Results part II: Ionogel
5.4.1 Ionic liquids screening
The advantage of ionic liquids in adsorption desalination is their large working capac-
ity compared to competing adsorption materials like silica gel. Siogel silica gel has a
saturation uptake of 0.38 g/g, but the working capacities achieved in the desalinator
are 0.2 g/g and a full cycle time of 40 min. A large working capacity reduces the foot-
print of the system, which is correlated with the SDWP performance indicator. A large
number of ionic liquids is available commercially and for some of them the VLE data
is available in the Detherm database [140–148]. The available vapour liquid equilibria
have been used to screen them for the best working capacities, which can be achieved
under the conditions in an adsorption desalinator: Tevap = 22-25 °C, Tcond = 25 °C
and Thot = 45-50 °C.
An ionic liquid screening evaluates the working capacities Δq in two steps. Firstly,
the VLE data from Detherm [149] is provided in mole-fractions and was converted to
the water uptake q [gw/gil]. Secondly, q was plotted over the adsorption potential A.
The adsorption potential is given by A = −RTln( P
Psat
), where R is the real gas constant
[kJ/(molK)], P the pressure [kPa] and T the temperature [K]. The uptakes at different
temperatures and pressures often collapse on a single, characteristic curve when they
are plotted over the adsorption potential [122] as seen in the example in Fig. 5.16. The
ratio of pressure to saturation pressure is also referred to as relative humidity RH = P
Psat
.
The investigated temperatures for each vessel are Tevap = 22-25 °C, Tcond = 25 °C and
Thot = 45-50 °C. The adsorption potential is calculated for adsorption (0.1-0.5 kJ/mol)
and desorption conditions (2-3.5 kJ/mol). For each A at adsorption and desorption,
the corresponding water uptake is interpolated from the experimental data. The differ-
ence in water uptake between adsorption and desorption equals the working capacity
presented in Fig. 5.16.
The ideal ionic liquid should have a large working capacity over a wide range of relative
humidities. However, most ionic liquids have a type III adsorption isotherm with water
showing an exponential increase at low adsorption potentials. Less distinct exponential
slopes are favourable for the process as they allow a large uptake for a wider range of
relative humidities during adsorption.
This can also be seen from table 5.4. For example, BMIM Br has high working capac-
ities at 94 % relative humidity, but a reduction of the relative humidity from 94 % to
83 % or Tevap by 3 °C has a substantial impact on the uptake. This small temperature
change diminishes the working capacity from 2.92 g/g to 0.58 gw/gil, where 0.58 gw/gil
is comparable to the working capacity of silica gel. EMIM Acetate was selected as
first Ionogel to be tested as it maintains a high working capacity even at lower relative
humidities in table 5.4. In addition, it is a non-toxic, non-corrosive Imidazolium salt.
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Figure 5.16: Example evaluation of Δq for 1-Butyl-3-methylimidazolium acetate from
Passos et al. [140] at Tevap = 24 °C, Tcond = 25 °C and Thot = 40 °C
Table 5.4: Working capacities of pure ionic liquids for different relative humidities at
different Tevap,in, but constant Tcond,in = 25 °C and Thot,in = 50 °C.
EMIM = 1-Ethyl-3-methylimidaz. BMIM = 1-Butyl-3-methylimidaz. MMIM = 1,3-
Dimethylimidaz. DEP = Diethyl phosphate. DMP = Dimethyl phosphate. SCN =
Thiocyanate. TOS = Tosylate. Ac = Acetate. BF4 = Tetrafluoroborate. ESO4 =
Ethyl sulfate.
RH [%] 83 86 88 91 94
IL name Δq Δq Δq Δq Δq
[gw/gil] [gw/gil] [gw/gil] [gw/gil] [gw/gil]
EMIM Ac [150] 1.11 1.11 1.62 1.89 1.95
EMIM BF4 [143] 0.51 0.63 0.86 1.28 2.30
EMIM ESO4 [144] 0.88 1.05 1.32 1.45 2.50
EMIM DEP [147] 1.23 1.38 1.65 2.07 2.70
BMIM Br [140] 0.58 0.75 1.00 1.51 2.92
BMIM Cl [141] 1.27 1.46 1.74 2.05 3.71
BMIM TOS [140] 0.43 0.61 0.74 1.07 2.18
BMIM Ac [140] 0.95 1.20 1.58 2.18 2.28
BMIM CH3SO3 [140] 0.96 1.15 1.42 2.13 3.22
BMIM CF3CO2 [140] 0.68 0.79 1.18 1.81 3.30
BMIM SCN [140] 0.65 0.76 1.04 1.55 1.75
BMIM CCN [146] 0.43 0.69 0.80 1.25 2.51
HMIM Cl [141] 0.86 1.13 1.53 2.04 3.46
MMIM DMP [148] 1.12 1.33 1.61 2.05 2.74
Choline Glycolate [142] 2.08 2.31 2.53 2.62 2.62
Choline Glycolate is among the 4 only ionic liquids, which is non toxic and does not
require any preventive efforts to protect health and environment. The results of those 4
non-toxic ionic liquids are shown in Fig. 5.17, where it is evident that Choline Glycolate
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has the most promising working capacity. In Fig. 5.17, the working capacities of the
pure ionic liquids in table 5.4 have been halved to account for a 50 wt% impregnation
of silica gel as support material. Tests have shown that the ionic liquid starts leaking
from the support structure at impregnations above 50 wt%. The impregnation level
can be further increased up to 60 wt% with negligible leakage to push the material
performance as the equilibrium uptake increases with the impregnation level [34, 151].
Adsorption heat pumps require supported ionic liquids instead of pure ionic liquids, be-
cause the adsorber beds need to be filled with a solid material. Unfortunately, Choline
Glycolate can only be custom manufactured, but EMIM Acetate is commercially avail-
able. Thus, silica supported EMIM Acetate was selected for testing in the adsorption
test rig for the first time. As shown from Fig. 5.17, EMIM Ac does not feature a strong
exponential increase at very high relative humidities, but it has the second highest
uptake at lower relative humidities.




























Figure 5.17: The uptake of the best, non-toxic ionic liquids at different relative humidi-
ties using experimental data from [140, 142, 150].
Possibilities and challenges
The measured isotherms of Syloid 72P impregnated with 57 wt% of EMIM Ac were
refitted (table 5.5) to match the Dubinin Astakhov equations [131]. A gravimetric sorp-
tion analyser (Surface Measurement System DVS Adventure, UK) was used to measure
the isotherm of the ionogel at 25 °C. The DA parameters of for different adsorption
materials are given in table 5.5.
The working capacities for four materials at heat source temperature differences ΔT
2-70 °C were investigated for two different scenarios: Tevap = 28 °C (dashed) and
Tevap = 29 °C (solid), while Tcond = 30 °C. The results are shown in Fig. 5.18a. The
Ionogel has the best working capacity of up to 1.4 gw/gad, but even at very low tem-
perature differences ΔT ≈ 5 °C the working capacity is > 0.5 gw/gad. By contrast,
achieve much lower working capacities except for SWS-1L, which has a lower capacity
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than Ionogel, but exceeds the threshold of 1 gw/gad. The working capacities of Siogel
and CPO27Ni remain below 0.4 gw/gad for all hot temperatures in Fig. 5.18a. Thus,
the equilibrium working capacities of Ionogel and SWS-1L are exceptionally interesting
for the application in desalination applications.
Table 5.5: Fitting parameters for DA-isotherms of four materials shown in Fig. 5.18a.
(1)SWS-1L: E and n are functions of the adsorption potential A.
Type q0 [gw/gad] E [J/mol] n [-] Ref.
CPO-27Ni MOF 0.46 10014 4 [152]
Siogel Silica gel 0.38 3960 1.1 [138]
SWS-1L CaCl2+silica gel 1.9 612-8334
(1) 0.4-4.7 (1) [153]
Ionogel EMIM Ac+silica gel 7.98 19.86 0.275 this study










































Figure 5.18: (a) Comparison of the working capacities of three different materi-
als from DA-isotherms [138, 152, 153] with experimental data for Siogel for differ-
ent ΔT = Thot−Tcond and Tcond = 30 °C. Dashed lines: Tevap = 28 °C. Solid lines:
Tevap = 29 °C
(b) Low temperature regeneration of Ionogel indicates a high working capacity from
the experimental isotherms. Tevap = 24 °C, Tcond = 25 °C, Tevap = 30 °C leading to
ΔT = 5 °C.
The main drawback of both materials is their sensitivity of the water uptake towards
the evaporator temperature . The reduction of the evaporator temperature by 1 °C in
Fig. 5.18a decreases the working capacity of Ionogel by a third and SWS-1L by a fifth.
Siogel and CPO27Ni are not as temperature dependent as the solid and dashed lines
in Fig. 5.18a.
CPO27Ni needs a temperature difference ΔT of at least 30 °C to regenerate any wa-
ter, which is why the metal organic framework is not applicable in low temperature
regeneration applications. By contrast, Ionogel needs only a very small temperature
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difference for regeneration making it a very interesting material.
Fig. 5.18b shows how the working capacity is derived from the isotherms and highlights
the potential of low temperature regeneration. Regeneration temperature differences
as low as 5 °C have never been presented in the literature. Such low regeneration tem-
peratures would enable the use of a large number of new heat sources that could be
used to power the system as well as a remarkable variety of system applications, e.g.
desalination, heat storage or heat transformation. Therefore, it is important to provide
experimental evidence that low temperature regeneration is feasible on a system level.
Preparation of Ionogel
Ionogel was prepared by impregnating 43 wt% of Syloid 72FP (W.R. Grace, USA)
with 57 wt% of EMIM Ac (97 % purity, Sigma Aldrich, USA). Afterwards, the heat
exchanger was prepared and weighed after each step: dry the heat exchanger, fill it
with Ionogel, dry Ionogel inside the heat exchanger at 80 °C.
The Ionogel inside the heat exchanger was aged to minimise the leakage of ionic liquid
inside the test rig [151]. The ageing process includes adsorbing water for 40 h at high
humidity and ambient conditions and to desorb water from the Ionogel inside the heat
exchanger at 80 °C. The heat exchanger was filled with 25.09 g of Ionogel with an
EMIM Ac content of 57 wt% for the experiments in the test rig.
The Ionogel results are compared to silica gel (Siogel, microporous beads 0.5-2 mm
Oker Chemie GmbH, Germany) using the same aluminium heat exchangers in both
cases[129]. The silica gel experiments were conducted using 210 g per adsorber in
two-bed mode and are reported in previous studies[128–130]. During the silica gel
experiments, it was observed that large amounts of water evaporated causing tempera-
ture differences up to 10 °C within the evaporator due to the latent heat of evaporation.
Thus, the amount of Ionogel was reduced to 25 g to limit the total amount of water
evaporating during a cycle to achieve a more homogenous temperature distribution in
the evaporator. The isotherms indicate high evaporator temperature sensitivity and
the need for high relative humidities during adsorption (Fig. 5.16).
5.4.2 Results and discussion
Material analysis
Scanning electron microscope images (ZEISS Crossbeam 550 Cryo FIB/SEM) were
taken before testing the ionogel in the adsorption desalinator and are presented in Fig.
5.19. Syloid 72FP has an average particle size of 4.6-5.8 µm [154], while the average
pore diameter of Syloid 72FP silica gel is 10-15 nm [155, 156], which is shown in Fig.
5.19a. The particles have a large size distribution forming agglomerates without regular
structure. The silica gel particles are supporting the ionogel with the ionic liquid coating
the surface, partially filling the pores and acting as binder at the same time. The ionic
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liquid fills the pores as well as coats the external surface of the silica gel particles in
Fig. 5.19b. Focus ion beam FIB etching was applied to view inside an ionogel particle
in Fig 5.20, where the particle maintains some pores below a few hundred nanometre
thick coating of EMIM Ac.
(a)
(b)
Figure 5.19: SEM images for comparison of the silica gel support material to the ionogel.





Figure 5.20: Cycled ionogel: (a) The particle was coated with Platinum for beam
protection. Pores of 15 nm are visible. (b) Images of FIB etched particle shows that
the porous structure is partially filled below the coated surface.
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This is confirmed by Energy Dispersive Spectroscopy EDS of a FIB etched particle in
Fig. 5.21. An SEM image of the same FIB etched particle is shown in Fig. 1f, SI. The
EDS analysis focused on Carbon for EMIM Ac (C8H14N2O2) and Silicon for silica gel
(SiO2), which are only present in each one of the components. The ionic liquid mainly
appears on the particle surface and directly below the surface, whereas the carbon
distribution is low in the core of the particle.
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Figure 5.21: EDS image (a) of FIB etched Ionogel particle. Silicon represents silica gel
and Carbon for EMIM Ac. The spectral data is provided in (b).
Desalination performance
A full characterisation of the novel Ionogel material was conducted inside the adsorption
desalinator aiming at identifying the minimum regeneration temperature and optimal
cycle time. The test rig was operated in one bed. One bed mode requires less adsorp-
tion material as only one heat exchanger needs to be filled, while still allowing to fully
characterise the material in terms of SDWP. However, it does not allow the use of the
heat recovery and characterisation in respect of the performance ratio, which is not
expected to change by more than 10-20 %, because the heat of adsorption of ionogel
[131] changes only by 10-20 % compared to siogel [138]. The material was adsorbing at
20 °C and the regenerating at different temperatures from 25 °C to 55 °C increased in
increments of 5 °C for each experiment. The evaporator inlet temperature Tevap,in was
adjusted that Tevap,vap < Tads,in and Tevap ≈ Tcond ≈ 20 °C for all Ionogel experiments.
This condition assures that the water vapour during adsorption is colder than the heat
exchanger surface to prevent condensation.
Fig. 5.22a shows the temperature swings of the unprecedented Thot,in = 25 °C ex-
periment, where the process is operated within ΔT ≈ 5 °C. The driving temperature
difference powering the process is described by ∆T = Thot − Tcond.
No other adsorption material can be regenerated at such low temperature differences.
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It can be seen that Tevap,vap < Tads,in at all times to avoid condensation. The water
production in Fig. 5.22b reaches a peak value of 0.4 g/min, which decreases at the
end of desorption to less than 0.1 g/min. Seven different hot temperatures have been
investigated in the same way to assess the SDWP of the material as given in Fig. 5.22.






















































Figure 5.22: (a) Temperature curves obtained from ΔT ≈ 5 °C experiment 280 s half
cycle time.
(b) Water production from the same experiment.
The analysis in Fig 5.23a focuses on the optimal half cycle time to achieve the high-
est SDWP, which is an important preliminary step for the study on the heat source
temperature in Fig. 5.23b.
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Figure 5.23: (a) Experimental cycle time analysis for Ionogel at Tcond = 20 °C.
(b) Experimental SDWP comparison of silica gel and ionogel for different
ΔT = Thot−Tcond. Ionogel: Tcond = 20 °C half cycle time 240 s. Silica gel:
Tcond = 25 °C half cycle time 1200 s.
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The SDWP is highest for half cycle times of 180 s to 300 s. Hence, half cycle times of
240 s were chosen for the experiments at different low temperatures. Silica gel requires
much longer half cycles of 600 s to 1200 s. The heat transfer of the Ionogel monoliths is
improved as they share a larger surface area with the aluminium heat exchanger than
the silica gel beads. Ionogel has higher adsorption rates, where it reaches the same
working capacity as silica gel in a quarter of the time. However, the working capacities
of Ionogel in this set of experiment remained well below the working capacities suggested
by the isotherms. In the test rig, the working capacities were around 0.2 gw/gig, while
the isotherms predict Δq > 1 gw/gig. The deviation of the two Δq correspond to Cao
et al. [32], who reported fast sorption kinetics at first, which slow down at higher water
uptakes. However, Fig. 5.24 shows that the system has not reached the slow down
in kinetics yet as the slope of the experimental working capacity remains essentially
linear for the tested cycle times. The working capacity in itself is not a performance
indicator in adsorption desalination, while the SDWP as main performance indicator
is a function of the working capacity as well as the number of cycles per day. The
number of cycles per day decreases exponentially with longer cycle times as shown in
Fig. 5.24. Hence, short cycle times are favourable for adsorption desalination. To reach
equilibrium, the cycle times would have to be very long with the system resulting in
very few cycles per day and poor performances in regard of the SDWP.





















































Figure 5.24: The two key contributors to the SDWP: The experimental working ca-
pacity increases almost linearly for the tested cycle times at heat source temperature
45 °C, but the calculated cycles per day decrease exponentially.
The isotherms illustrate the water uptake at equilibrium, while in the test rig the ma-
terial cannot reach equilibrium within useful half cycles times. The high SDWP of
Ionogel are a result of the fast kinetics and improved heat and mass transfer compared
to silica gel, but not due to the large Δq at equilibrium.
Fig. 5.23b shows the resulting SDWP for each hot temperature and compares them
to experimental results of silica gel measured in the same test rig at Tcond,in = 25 °C
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[128–130], while the Ionogel experiments were conducted at Tcond,in = 20 °C. There-
fore, the results are plotted over ΔT to allow a comparison.
Both materials show an almost linear increase of the SDWP at low temperatures until
they reach a plateau, which begins at ΔT ≈ 25 °C for Ionogel and ΔT ≈ 30 °C for silica
gel. The maximum SDWP of Ionogel is 17.5 kgw/(kgsgd), which is almost double the
SDWP of silica gel at 10.9 kgw/(kgsgd). However, Ionogel does not have a minimum re-
generation temperature, because even atΔT = 5 °C it achieves SDWP = 6.7 kgw/(kgsgd),
which is comparable to the best silica gel results. By contrast, silica gel needs a tem-
perature difference of at least 15 °C for SDWP = 2.8 kgw/(kgsgd), where Ionogel is 4
times better at SDWP = 11.3 kgw/(kgsgd).
The experimental results are compared to recent studies in adsorption desalination in






































































































Figure 5.25: Comparison of Ionogel to other studies and materials [52, 53, 55, 56]
The results highlight the competitive advantage of Ionogels compared to materials
tested in other systems. Thu et al. have presented a 4 bed system with silica gel, which
is currently the largest system and best performing system using silica gel [52]. In a
study from 2011 they reported the highest SDWP using the same 4 bed system and
silica gel achieving 14.2 kgw/(kgsgd) with ΔT = 55 °C [134]. The highest SDWP in
their y is SDWP = 11 kgw/(kgsgd) at ΔT = 45 °C [52]. Youssef et al. investigated the
application of CPO27Ni MOF-material, which achieves high performances similar to
Ionogel [56]. However, the regeneration temperatures are at least 95 °C orΔT = 80 °C,
while Ionogel achieves a higher SDWP at ΔT = 25 °C. Fig. 5.25 also shows the highest
SDWP achieved with the experimental apparatus and silica gel within this study. Even
at ΔT = 50 °C silica gel can only reach SDWP = 10.9 kgw/(kgsgd), which is less than
Ionogel at ΔT = 15 °C in Fig. 5.23b.
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Fig. 5.26a displays the material after exposing it to several hundred temperature
swings, which causes material ageing. Before the experiments, Ionogel is a white,
dull, brittle substance that turns into a gray, glossy gel over time (Fig. 5.26a). Mea-
surements of the isotherms of the cycled and freshly prepared materials showed that
the water uptake did not change highlighting the material stability.
(a)



















DVS data not cycled 25.1 °C adsorption
DVS data cycled 25.1 °C adsorption
DVS data cycled 25.1 °C desorption
DA fit 25.1 °C
(b)
Figure 5.26: (a) The fresh material is a white, brittle, powdery substance, whereas
cycling turns it grey and shimmering.
(b) Measured isotherm of the cycled material fitted to the Dubinin-Astakhov isotherm
equations and compared to the DA fit of the fresh, not-cycled material.
5.5 Conclusions
A novel, small-scale adsorption desalination prototype was designed, assembled and op-
erated. The test rig is currently the world’s smallest, reported design. The small-scale
design allows an increased flexibility in testing new materials and system components
compared to larger system designs.
The first part of the experimental investigation assessed the performance of Siogel silica
gel packed inside aluminium heat exchangers. This starting point established a reference
case, which is compared to the literature. The system achieved a Specific Daily Water
Production of up to 7.7 kgw/(kgsgd) at Thot,in = 80 °C and Tevap,in = Tcond,in = 30 °C.
A change of the evaporator and condenser inlet temperatures to achieve Tevap,vap ≈
Tcond,vap increase the Specific Daily Water Production to 10.9 kgw/(kgsgd) at Thot,in
= 80 °C, Tevap,in = 35 °C and Tcond,in = 25 °C, which is among the highest results
reported for silica gel. Hence, the small scale is not detrimental to the performance
and a full analysis of novel adsorption materials is possible with this small-scale system
in the future. Moreover, the impact of heat recovery between the adsorber beds on
the system performance was investigated in two steps by focusing on the performance
109
indicators and by a thermal response experiment. The heat recovery increased the
performance ratio by 25 % to 0.6. The system is further characterised by a thermal
response experiment informing on the partition of energy, which shows that the peak
heat input is 900 W without heat recovery. The heat recovery system reduces the peak
energy input to 500 W, which would allow the application of smaller heat sources.
Copper heat exchangers were packed with silica gel, but the results (Appendix D.4)
showed that their fins did not heat up properly. Hence, they could not be used for
cyclic heating and cooling of the adsorption material and were discarded.
Ionogels were tested in adsorption desalination for the first time to replace silica gel
as adsorption material. A screening of ionic liquids identified BMIM Br, BMIM Ac,
EMIM Ac and Choline Glycolate as most promising, non toxic options for the desalina-
tion application. An Ionogel was prepared combining 43 wt% of Syloid 72FP silica gel
with 57 wt% of EMIM Ac. The Ionogel was tested in the small-scale adsorption test rig
leading to compelling SDWP results. The material achieves SDWP = 17.5 kgw/(kgigd)
at regeneration temperatures as low as 45 °C. This is the highest result ever achieved
in experimental adsorption desalinator in the literature with by far the lowest regen-
eration temperature. The tests showed that Ionogels can even be regenerated with a
temperature difference of 5 °C accomplishing SDWP = 6.7 kgw/(kgigd), which is still
comparable to the best silica gel results, but with an astonishingly low temperature





This chapter proposes the integration of adsorption desalination into the RED Heat
to Power process. The previous chapter has shown that adsorption desalination shows
some extraordinary features like regeneration as low as 25 °C for Ionogels or 40 °C for
silica gel.
Adsorption desalination may have a high thermal energy consumption compared to
MED or ABVC, but it requires a minimum of internal electricity for pumps and mov-
ing parts maximising the net electricity output. Firstly, this chapter presents adsorption
reverse electrodialysis (ADRED) in thermodynamic simulations to identify the perfor-
mance, when all system limitations are neglected. In addition, a switch of solvent from
water to liquid ammonia is considered, because ammonia has a lower latent heat of
evaporation than water, which would improve the thermal efficiency of the regenera-
tion. Secondly, a dynamic model is implemented taking system limitations into account
as every modelling component is individually, experimentally validated.
The results of the first section of this chapter have been published in Applied Energy
[119] and a publication presenting the second section is in preparation.
6.1 Thermodynamic model for the best salt and material
The proposed system converts low grade heat to electricity. [6]. For ADRED, low-grade
heat temperatures below 70 °C are of particular interest. Papapetrou et al. identify
the main industries emitting waste heat below 100 °C as the food industry and the
paper industry [6]. For example, the exhaust air from the drying section of a mid-sized
paper machine has a temperature of 70 °C with a heat output of 6 MW [157]. Another
possible heat source could be provided by a solar collector [11, 132]. The system could
also utilise waste heat from power plants, which is available in very large quantities
below 100 °C [5].
The flow scheme of the ADRED system can be seen in Fig. 6.1. The two main
components of the ADRED system are the Reverse Electrodialysis membrane and the
adsorption desalinator. The outlet of the high salinity solution is connected to the
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evaporator of the adsorption regeneration, where the solution is regenerated to its initial
salt concentration. A part of the water is evaporated from the brine and the pure water
vapour is adsorbed on the adsorption material. Low-grade waste heat is required to
desorb the vapour from the material. Each adsorber undergoes a temperature swing
adsorption cycle. The adsorption cycle includes a heating phase, when the adsorbate
desorbs from the surface of the adsorbent material. Afterwards the material is cooled
to ambient temperature to adsorb new adsorbate onto its surface. Therefore, one
adsorption bed would only allow an intermittent process, since one bed can only either
adsorb or desorb at a given time. Whereas, the addition of a second bed enables a
semi-continuous operation. In this case one bed can adsorb water from the evaporator,
while the other bed desorbs water vapour. The desorbing vapour is condensed and
mixed with the low salinity outlet solution coming from the membrane.
Figure 6.1: ADRED model illustrated in a simplified way
The entire system operates at the saturation pressures of the working fluid inside. Water
vapour condensed at 30 °C necessitates an absolute condenser pressure of 0.04 bar [39].
However, the low pressure has no negative impact on the electricity generation, because
RED is an electrochemical process driven by salinity gradients and not by pressure
differences. In theory, the system could also be operated with different fluids and salt
solutions. For example, the utilisation of solutions of pure liquid ammonia and salts
would allow the operation of the system pressurised at an absolute pressure of 11.7 bar
and a condenser temperature of 30 °C [39]. In addition, ammonia has a very low latent
heat, which would increase evaporation and the efficiency of the regeneration. However,
the mean activity coefficients of salt solutions with ammonia as solvent are low [158],
which reduces ΔGmix. Furthermore, RED membranes are designed for aqueous salt
solutions, but not for ammonia or other solvents. Thus, water is the most feasible and
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environmentally friendly choice as fluid.
6.1.1 Thermodynamic model
The following assumptions were made for the model:
• Only salt ions pass through the RED membrane, but no water. This simplification
is necessary to assess the electricity output by ΔGmix. A salt specific membrane
model would be required to evaluate the water transport through the membrane
itself, which cannot be prevented in a real system. However, this investigation
addresses the ideal case for a large number of salts. Hence, the water transport
through the membrane has been neglected.
• The electricity produced by the RED membrane is equal to the Gibbs free energy
of mixing.
• The relationship between the activity of water and the saturation pressure is
ideal.
• In most cases the specific heat capacity of the adsorption material cp,AD was not
specified in the literature, so cp,AD ≈ 1 kJ/(kgK) was assumed from [159].
• The mass of the heat exchangers was neglected for the analysis of the SEC as
they already represent a system limitation and this analysis focuses on the ideal
case.
• All the salt remains in the evaporator and only pure water vapour reaches the
adsorption material.
• The cooling power is neglected as system output, because it would reduce the
desalination capacity of the material. Cooling power and electricity production
are a trade-off, where the negligence of cooling maximises the working capacity
of the adsorption material and with it, the electricity production of the system.
• The study neglects the change of latent heat caused by the salt. The latent heat
of the salt solution would affect the cooling power of the system, but the SEC
is independent of the latent heat in the evaporator. The salt remains in the
evaporator and affects the latent heat of the salt solution in the evaporator alone.
This changes the cooling power output of the evaporator, which is neglected by
the investigation. Only pure water vapour is assumed to reach the adsorption
material, which is why the latent heat of pure water applies to adsorption and
desorption of the pure water vapour. Thus, the enthalpy difference of the salt
solution can be neglected, because it does not affect the adsorption material.
• The internal electricity consumption of the system was neglected to assess the
maximum thermodynamic efficiency achievable with the system. However, this
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assumption is challenged with additional considerations following the main inves-
tigation to assess the impact on a real system application.
• For simplification the low and high salinity feed solutions to the RED stack have
the same flow rate [116]
Model equations for the ADRED flow scheme
Fig. 6.1 also presents the set-up of the ADRED model. The description in greyscale
illustrates the base of the model with the Pitzer equations and the Dubinin Astakhov
data for the adsorption materials, which are all required to assess the main part of
the model highlighted by the dashed line. The Pitzer correlations provide the osmotic
coefficient Φ and the activity coefficient γ for each of the 227 salts [104] at the desired
concentration. The coefficient γ is needed to calculate ΔGmix and thereby the elec-
tricity output of the RED membrane. The osmotic coefficient Φ is used to determine
the boiling point elevation (BPE) of the high salinity solution. The high salinity so-
lution is regenerated in the evaporator and its BPE influences the evaporator pressure
Psat(Tevap). The Dubinin Astakhov (DA) isotherm data for 10 adsorption materials
was obtained from the literature [23, 24, 123, 160–163]. The isotherms are needed to
assess the energy required to regenerate the salt solutions. Salt balances based on the
flow scheme in Fig. 6.1 determine the amount of condensate needed to restore the salt
gradient.
The mass and salt balances for the flow scheme in Fig. 6.1 are listed below.
Mass balances:
FHigh,in = FLow,in (6.1)
F1 = F4 (6.2)
FHigh,out + F1 = F2 (6.3)
FLow,out − F1 = F3 (6.4)
Salt balances:
FLow,outCLow,out + FHigh,outCHigh,out = FLow,inCLow,in + FHigh,inCHigh,in (6.5)
F2C2 = FHigh,outCHigh,out + F1C1 (6.6)
F3CLow,out = Flow,inClow,in (6.7)
CHigh,out −CLow,out = (1 −X) (CHigh,in −CLow,in) (6.8)
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Fi [kg/s] represents the flow rates and Ci [mol/kg] the salt concentrations. The conver-
sion factor X determines the change of the salt concentrations after passing through the
RED membrane. F1 compensates for the amount of distillate F4 to restore the initial
salt concentrations Chigh,in and Clow,in.
Parameters calculated using Pitzer equations
Part of the Pitzer model was already described in the previous section 3.1.3, where it
was used to fit the Pitzer virial coefficients βMX
(0), βMX
(1) and CMX
Φ to the osmotic
coefficients Φ calculated from experimental data. In this chapter the Pitzer model
from chapter 3 is used to calculate activity coefficients γ, which were not needed for
the analysis in chapter 3.
The activity coefficient γ can be obtained from the Pitzer correlations [104]:
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The coefficients b and α are constants with the values of 1.2 and 2 for all solutes [104].
The ionic strength is represented by I [mol/kg] in the equations above, zM and zX are
the charges of the ions [-], while vM and vX are the number of ions [-]. The molality is
given by m [mol/kg]. The Debye Hückel coefficient AΦ for water is given by [104, 105]
and is reported in eq. 3.11 in section 3.1.3. In addition, the vapour pressure of a
solution can also be assessed through the Pitzer model using eq. (3.4) and (3.5) from
section 3.1.3.
The Gibbs free energy of mixing represents a theoretical maximum value of the en-
ergy released due to the mixing of two solutions in a reversible process. In reality,
the mixing of solutions is an irreversible process, which increases the entropy of the
solution. The useable energy is therefore lower than the Gibbs free energy of mixing
[164], whereas the model evaluates the ideal case.
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The Gibbs free energy of mixing per mole of mixture is defined as [164]:
−∆Gmix = RT {[∑xiln(γixi)]M −ΛA [∑xiln(γixi)]A −ΛB [∑xiln(γixi)]B} (6.14)
where xi are the mole fractions and ΛA, ΛB are the ratios of total moles of each solution
based on the entire system ΛA + ΛB = 1. The Gibbs free energy of mixing can be
simplified for an aqueous solution of strong electrolytes and low salt concentrations
[164]. At low concentrations, the mole fraction of water is approximately one and the
activity coefficient of water is one as well making the contribution of water in eq. (6.14)
negligible, which is why ΔGmix can be approximated to [164]:
−∆Gmix
vRT
≈ cM ln(γs,M cM) −Ψclow ln(γs,lowclow) − (1 −Ψ)chigh ln(γs,highchigh) (6.15)
where v represents the total number of ions dissociated into the solution from each
electrolyte and Ψ≈Vlow/(Vlow+Vhigh). Fig. 6.1 shows the case of two inlet streams and
two outlet streams from the membrane. For the case presented in Fig. 6.1 the Gibbs
free energy of mixing is:
−∆Gmix
vRT
≈ Ψ clow,out ln(γs,low,outclow,out) + (1 −Ψ)chigh,out ln(γs,high,outchigh,out)
−Ψ clow,in ln(γs,low,inclow,in) − (1 −Ψ)chigh,in ln(γs,high,inchigh,in)
(6.16)
Energy and exergy performance based on an adsorption cycle analysis
During the regeneration the adsorber beds are heated and cooled as shown in the
adsorption cycle in Fig. 6.2.
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Figure 6.2: The adsorption cycle is split into desorption 1→3 and adsorption 3→1.
The specific energy consumption is a performance parameter, which predicts the amount






The SEC represents the energy Q1→2→3 required for the desorption process, where the
adsorption beds are heated by the low-grade heat source. The first contributor Q1→2
is the energy required for isosteric heating to increase the pressure from the saturation
pressure of the evaporator to the saturation pressure of the condenser. Thus, the beds
are heated from ambient temperature T1 to the intermediate temperature T2. During
this the two valves connecting the adsorber to evaporator and condenser are closed to
increase the pressure without any adsorption or desorption occurring during this step.
Q1→2 =mAD(q1Cp,H2O +Cp,AD) ⋅ (T2 − T1) (6.18)
As soon as the pressure of the adsorber beds equals the pressure of the condenser,
desorption begins. The valve between the adsorber and condenser is opened. As a
result, water vapour desorbs from the material while the bed continues to be heated
from the intermediate temperature T2 to the temperature of the low-grade heat source
T3, which is both accounted for by Q2→3:
Q2→3 =mAD ((T2 − T1) + [Cp,AD + q2 + q3
2
Cp,H2O] ⋅ (T3 − T2) + (q2 − q3)∆h) (6.19)
Mwater =mAD(q2 − q3) (6.20)
SEC =
(q1Cp,H2O +Cp,AD)(T2 − T1) + [Cp,AD + q2+q32 Cp,H2O] (T3 − T2) + (q2 − q3)∆h
q2 − q3
(6.21)
The SEC [kJ/kgH2O] is assessed through the analysis of the thermodynamic cycles. This
analysis provides the parameters required in eq. (6.21), which are the temperatures at
each state of the adsorption cycle i Ti [K], the uptake of the adsorption material qi
[kg/kg] and the operating pressures Pi [bar]. The mass of the adsorption material mAD
cancels out in the SEC equations and therefore does not need to be defined.
While the SEC is required for the energy analysis, it must be extended by the Carnot
factor to perform an exergy analysis of the process. The Carnot factor in eq. (6.28)
describes the theoretically highest possible efficiency between the boundaries of the
ambient temperature Tcond and regeneration temperature Thot [78].




At low temperatures only a small fraction of the energy provided to the system can
be used by the process (exergy), which in this case is the energy content available
between ambient temperature and the heat source temperature. The analysis of the
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exergy efficiency can be more useful than the energy efficiency alone, because it provides





The exergetic SEC is defined in eq. (6.24):
SECex = SEC ηc =
(Q1→2 +Q2→3) (1 − TaThot )
Mwater
(6.24)
In this study, the thermodynamic cycle was assessed by the use of the Dubinin-Astakhov
isotherm (DA) [122].
q = q0 exp [−(A
E
)n] (6.25)
A = −RT ln( P
Ps
) (6.26)
Where q0 [kg/kg], E [kJ/kg] and n [-] are the Dubinin Astakhov parameters given in
table 6.1. The isosteric heat of adsorption Δh was obtained from the following equation
[124]:







Where β is the coefficient of thermal expansion [1/K].
Table 6.1: Dubinin-Astakhov parameters for different materials with water. In the
cases of 1*: cp,AD was not specified and cp,AD = 1 kJ/(kgK) was taken from [159].
Material Type q0 E n cp,AD Ref.
[kg/kg] [kJ/kg] [-] [kJ/(kgK)]
Siogel Silica Gel 0.38 220.0 1.10 0.8 [123]
Grace 127 B Silica Gel 0.31 152.4 0.90 1* [160]
Type-A5BW Silica Gel 0.45 199.2 1.25 1* [24]
Type-RD 2560 Silica Gel 0.33 243.6 1.35 1* [24]
Type-A++ Silica Gel 0.49 211.3 1.35 1* [24]
CPO-27(Ni) MOF 0.46 556.3 4.00 1* [161]
AQSOA Z01 Zeolite 0.21 222.2 5.00 1* [23]
AQSOA Z02 Zeolite 0.31 388.9 3.00 1* [23]
Köstrolith 13XBFK Zeolite(13X) 0.34 1192.3 1.55 0.88 [162]
ZEOX OII Zeolite(13X) 0.23 1266.7 1.20 1* [163]
Integrating the SEC into the ADRED flow scheme
The SECex expresses the exergy required to produce one kilogram of pure water. Thus,
it needs to be integrated into the salt balances. In the model, both streams entering
the RED membrane each have a mass flow of 1 kg/s and are mixed to a certain degree
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depending on the conversion factor X. The salt balances determine the amount of
distillate F4 that needs to be regenerated. Multiplying the SECex with F4 assesses the
exergy needed to restore the salt concentrations in the model. The ratio of the key





6.1.2 Results and discussion
The ADRED model has eight degrees of freedom listed in table 6.2. In a preliminary
investigation, the degrees of freedom were lowered to five to reduce the number of
possible input scenarios from 20 million by two orders of magnitude. The aim was to
calculate the exergetic performance for each combination of input scenarios and find
the optimum combination of salt, material and system parameters.
Table 6.2: The degrees of freedom of the ADRED model
Parameter Unit Range No. of steps
Evaporator Temperature Tevap [°C] 10-30 5
Condenser Temperature Tcond [°C] 20-30 3
Regeneration Temperature Thot [°C] 60-100 5
Inlet concentration low Clow,in [mol/kg] 0-Cmax 5
Inlet concentration high Chigh,in [mol/kg] Cmax 1
Conversion factor X - 0.2-1 5
Salts - - 227 227
Adsorption materials - - 10 10
The preliminary investigation showed that the ratio of ΔGmix to SECex was highest at
the maximum inlet concentration Chigh,in for all salts. The Pitzer tables [104] provide
the maximum value of Chigh,in=Cmax for each salt and it was used for the analysis.
Furthermore, an analysis of the SEC for the regeneration side was performed to choose
the best temperatures for the evaporator and condenser Tevap and Tcond.
Temperature impact of the adsorption regeneration on the SEC
Twelve different, temperature combinations were identified to find the best temperature
combination of Tevap and Tcond for the lowest SEC. For each combination, the exergetic
SECex was calculated for an aqueous 5 mol/kg NaCl solution in the evaporator, the ten
adsorption materials and five different regeneration temperatures between 60-100 °C.
Afterwards an SECex was formed averaging all results for the regeneration temperatures
taking all combinations of Tevap and Tcond into account as shown by the red bars in Fig.
6.3. The analysis of the total value for the SECex ensures that the chosen temperature
combination provides the best overall results for all the materials. In desalination
Tevap and Tcond are usually equal [120]. The result in Fig. 6.3 is in accordance with
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Figure 6.3: Desorption Q23 has a higher contribution to the predicted SEC than the
isosteric heating Q12 (example shown with 5 m NaCl).
In addition, the SECex in Fig. 6.3 is split into the two parts Q1→2 and Q2→3 as shown
in eq. (6.29).
SECex =
(Q1→2) (1 − TcondThot )
Mwater






In Fig. 6.3, the difference of SECex between the least and the most efficient temperature
combination is almost 30 %, which is caused by the contribution of the isosteric heating
Q1→2. The larger the pressure difference between evaporator and condenser, the more
energy is needed to increase the pressure of the adsorption bed from the evaporator
pressure to the condenser pressure. The first part of eq. (6.29) accounts for this, which
can be seen in Fig. 6.3. The second part of eq. (6.29) remains constant in Fig. 6.3
for each Tcond, even though the energy Q2→3 decreases at large temperature difference
between Tevap and Tcond as it can be seen in Fig. 6.4. The amount of pure water
Mwater produced in each cycle decreases with the temperature difference as well. The
two effects cancel each other out, which is why the second part of eq. (6.29) remains























































Figure 6.4: The predicted, average energy contribution of Q12 and Q23 for each combi-
nation of Tevap to Tcond. The concentration of NaCl in the evaporator is 5 mol/kg in
this example
Influence of the boiling point elevation (BPE) on the adsorption cycle
Wu et al. [120] investigated the impact of the three temperature levels Tevap, Tcond
and Thot on the thermodynamic cycle in desalination, where they described the three
possible cases Tevap < Tcond, Tevap = Tcond and Tevap > Tcond. The results showed
that the SEC for the case Tevap ≥ Tcond is generally the best. However, Wu et al.
neglected the presence of salt in the evaporator. The salt-free case they assumed for
Tevap = Tcond is shown in Fig. 6.5. In this case the thermodynamic cycle is reduced
to a straight line, where the condenser and evaporator operate at the same pressure
Pevap = Pcond. Hence, the uptake q1 = qsat is maximal and the process has the highest
working capacity Δq possible. By contrast, the second cycle shown in Fig. 6.5 illus-
trates the thermodynamic cycle of a 5 mol/kg MgI2 solution considering the boiling
point elevation, which reduces the pressure in the evaporator.
The BPE is defined as:
BPE = Tsat,sol(Psol) − Tsat,H2O(Psol) (6.30)
The effect of the BPE on the thermodynamic cycle in Fig. 6.5 is significant. The
evaporator temperature in both cases in Fig. 6.5 remains the same Tevap = 30 °C.
However, the BPE of 17 °C in the case of the MgI2 solution lowers the pressure in the
evaporator from 4.3 kPa to 1.4 kPa. As a result, the thermodynamic adsorption cycle
of the aqueous MgI2 solution in Fig. 6.5 has the same shape a pure water cycle would
have of a pure water cycle at Tevap = 13 °C, Tcond = 30 °C and Thot = 80 °C, even
though the evaporator and condenser are actually operating at the same temperature
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Tevap = Tcond = 30 °C. This has significant impact on the water uptake of the material
during adsorption Δq, which is 19 % below the uptake in the salt-free case and leads
to a decreased water production per cycle by the same factor. Despite the reduced
working capacity, the increase of the SEC by 4 % in the example is rather low, because
a reduced working capacity requires a reduced amount of heat for desorption.
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Figure 6.5: The 17 °C boiling point elevation of MgI2 alters the adsorption cycle and
reduces the working capacity of AQSOA Z01 compared to salt free water.
Fig. 6.6 shows the change of the energetic SEC for two different example salts. Sodium
chloride is an example of a monovalent salt while magnesium iodide represents a di-
valent salt. The influence of the concentration of NaCl on the SEC is 0.3 % in the
range between 0-5 mol/kg, while the increase of the SEC of aqueous MgI2 solutions
is less than 4 % within the same concentration range as mentioned above. Hence, the
influence of salt, concentration and BPE on the SEC are almost negligible.
The independence between the salt concentration and the SEC is a very important
aspect of the ADRED system. It allows the RED membrane to operate at optimal
conditions without restrictions from the regeneration side. Thus, even saturation con-
centrations can be utilised in the ADRED system without lowering the specific perfor-
mance of the adsorption regeneration.
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Figure 6.6: The influence of salts and their concentration are almost negligible for the
energetic SEC of the adsorption regeneration
Performance of the ADRED system
Fig. 6.7 shows the 15 best results of the ADRED system in terms of exergy and energy
efficiencies and the corresponding input parameters. The results show that there is a
possible range of low inlet concentrations Clow,in between 0-2 mol/kg, which achieve a
high performance. One could assume that a maximum salt gradient between the two
inlet solutions would lead to the highest ΔGmix. Nonetheless, the activity coefficients of
the salts often have a minimum between zero and the maximum concentration. Hence,
a smaller salt gradient between the two inlet streams does not necessarily lead to a
smaller ΔGmix. In case of MgI2 this minimum implies that the best efficiencies can be
achieved at Clow,in=2 mol/kg.
Looking at the conversion factor X in Fig. 6.7, the efficiency seems relatively inde-
pendent of this parameter. A smaller value for X results in a smaller change of the
salt gradient between the high and low salinity solutions after flowing through the
membrane. As a result, less distillate needs to be produced during the regeneration to
restore the initial salt gradient, therefore less energy is required for the regeneration.
Conversely, less electricity is produced in the RED membrane because of the lower
degree of mixing imposed by the conversion factor X. Both effects compensate for each
other resulting in similar exergy efficiencies.

































































































































































































































Figure 6.7: The 15 best results out of all 300,000 input scenarios. The blue bars repre-
sent the predicted energy efficiencies and the red bars the predicted exergy efficiencies
The isotherms of AQSOA Z01 and Siogel silica gel are shown in Fig. 6.8. Tevap and
Tcond are both 30 °C, which is why the pressures of evaporator and condenser should
be equal. However, the presence of salt in the evaporator reduces the pressure due to
the BPE. An exemple BPE of 10 °C is shown in Fig. 6.8.






























Figure 6.8: The working capacities Δq resulting from the isotherms of an exemplary
silica gel (Siogel) and AQSOA Z01 at Tevap = Tcond = 30 °C and a regeneration tem-
perature of 60 °C. Pevap≠Pcond because BPE = 10 °C.
It can be seen that the uptake of the silica gel is reduced due to the BPE. However,
the working capacity of AQSOA Z01 is less sensitive to a reduced Pevap due to its Type
IV/V isotherm. Whereas, the working capacity of the silica gel decreases with increas-
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ing salt concentrations. Apart from the working capacity, the heat of adsorption Δh is
a function of the uptake as well, but Δh of the two material types is very similar [22].
The overall performance of the silica gel is similar to the performance of AQSOA Z01.
In addition to their good performance, silica gels are much cheaper than AQSOA Z01.
Therefore, the combination of low-cost and performance makes silica gels very attrac-
tive materials for the application in the ADRED process.
Fig. 6.9 presents the best exergy efficiency achievable with each one of the materials.
Two cases were analysed, one was for all salts and the other only for the monovalent
salts. Magnesium iodide showed the best result of all salts, but it is a divalent salt.
Existing RED membranes are not designed for divalent salts and do not work very well
with them [166]. Magnesium iodide gave the best results considering all materials and
lithium chloride was the best monovalent salt. The high inlet concentrations for both
salts were 5 mol/kg in the analysis. On average, the results for the monovalent LiCl
were lower by a factor of 2.8 compared to the divalent MgI2. LiCl is a monovalent salt,
which is why it works with existing membranes. At 5 mol/kg it can achieve an exergy































































Figure 6.9: The best predicted exergy performance scenarios for each material. MgI2
is the best overall salt, whereas LiCl is the best performing monovalent salt. The
parameters used to achieve each result are listed in table 6.3.
The materials in Fig. 6.9 can be separated into two categories those that regenerate well
at low temperatures and those that do not. The silica gels and AQSOA Z01 from the
first category can be considered for the application in the ADRED system. By contrast,
zeolite 13X, the metal organic framework and AQSOA Z02 require higher regeneration
temperatures than considered in this study and therefore yield lower efficiencies.
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Table 6.3: The overview of the parameters required to achieve the results shown in Fig.
6.9.
Material Type Salt Thot Clow,in Chigh,in X
[°C] [mol/kg] [mol/kg] [-]
Siogel Silica Gel MgI2 60 2 5 0.4
Grace 127 B Silica Gel MgI2 60 2 5 0.4
Type-A5BW Silica Gel MgI2 60 0 5 1
Type-RD 2560 Silica Gel MgI2 60 0 5 1
Type-A++ Silica Gel MgI2 60 0 5 1
CPO-27(Ni) MOF MgI2 80 2 5 0.4
AQSOA Z01 Zeolite MgI2 60 2 5 0.4
AQSOA Z02 Zeolite MgI2 60 2 5 0.4
Köstrolith (13X) Zeolite MgI2 60 0 5 1
ZEOX OII (13X) Zeolite MgI2 60 0 5 1
all (excl. MOF) LiCl 60 0 6 1
CPO-27(Ni) MOF LiCl 80 0 6 1
Impact of the process parameters on the exergy efficiency
Each of the key parameters Thot, Chigh,in, Clow,in and the conversion factor X has a
different leverage effect on the exergy efficiency. Fig. 6.10 shows the effect of each
of the parameters on the exergy efficiency of the ADRED model. For this analysis
AQSOA Z01 was chosen as material and MgI2 as best performing salt. The inter-
actions of two variables were studied for four different cases as shown in Fig. 6.10,
where the regeneration temperature Thot and the inlet concentration of the low salin-
ity solution Clow,in are varied, while X=0.4 and Chigh,in = 5 mol/kg remain constant.
The exergy efficiency decreases at higher regeneration temperatures proportionally to
the Carnot factor. The Carnot factor at Thot = 100 °C is two times bigger than it
is at Thot = 60 °C. Therefore, the specific exergy consumption SECex doubles from
Thot = 60 °C to Thot = 100 °C. The increase of SECex leads to a proportional de-
crease of the exergy efficiency of the entire closed-loop system. As the exergy efficiency
in Fig. 6.10 is most significantly dependent on the Carnot factor, it can be concluded
that the adsorption material is sufficiently regenerated at 60 °C. Thus, a further in-
crease of the regeneration temperature does not have significant advantages in terms of
desorption. Furthermore, the inlet concentration of the low salinity solution peaks at
Clow,in = 2 mol/kg. The peak is caused by the conversion factor of X=0.4. Fig. 6.10
also shows an analysis where both, the conversion factor and Clow,in, were changed.
The surface plot has a ridge starting at Clow,in = 2 mol/kg for low conversion factors
and ending at Clow,in = 0 mol/kg at complete mixing X = 1 of the two inlet solutions.
Therefore, it is important to choose the combination of Clow,in and the conversion fac-
tor X carefully, because it has a large impact on the performance. Finally, the exergy
efficiency has a maximum at the highest Chigh,in, but it is also important to keep the
concentration at Clow,in = 2 mol/kg in this example, because of X = 0.4. The increase
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of the salt gradient at the conversion factor X=0.4 would lower the exergy efficiency.
It appears that Chigh,in has the highest impact on the exergy efficiency followed by
Clow,in, Thot and X and have the lowest impact. Clow,in and X are however correlated
and need to be selected with care. The regeneration side has a lower impact on the
exergy efficiency than the membrane side, because the impact of Thot is lower than the
impact of the concentrations. This confirms that the SECex is relatively independent
of the salt and its concentration as indicated in Fig 6.6. Therefore, increasing the salt
concentration Chigh,in is the most straightforward approach to maximise performance.
(a) (b)
(c) (d)
Figure 6.10: The exergy efficiencies on the contour lines are presented in absolute val-
ues.
(a) Exergy efficiency (MgI2+AQSOA-Z01), where Thot and Clow,in are varied and X=0.4
and Chigh,in=5 mol/kg remain constant.
(b) Exergy efficiency (MgI2+AQSOA-Z01), where and Clow,in and X are varied and
Thot=60 °C and Chigh,in=5 mol/kg remain constant.
(c) Exergy efficiency (MgI2+AQSOA-Z01), where Thot and X are varied and
Clow,in=2 mol/kg and Chigh,in=5 mol/kg remain constant.
(d) Exergy efficiency (MgI2+AQSOA-Z01), where and Clow,in and Chigh,in are varied
and Thot=60 °C and X=0.4 remain constant.
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Maximising the performance with a saturated aqueous LiCl solution
The maximum concentration provided by the Pitzer tables is one of the advantages
and limitations for this work at the same time. The Pitzer tables provide information
on a large number of salts, which allows them to be all considered for the system. In
addition, for many salts the maximum concentrations provided by Pitzer match their
maximum solubility. For example, the tables provide a concentration limit for MgI2 of
5 mol/kg, which is consistent with the maximum solubility of 5.3 mol/kg at ambient
temperature [167]. However, some salts have much higher solubilities than the Pitzer
tables suggest and a higher concentration leads to a higher ΔGmix. Lithium chloride
was previously identified as the best monovalent salt at a concentration of 5 mol/kg.
LiCl has an aqueous solubility of 20 mol/kg at ambient temperature [77]. Therefore, an
additional simulation was performed to assess the system’s performance for a saturated
LiCl solution at 20 mol/kg.
Robinson published experimentally obtained activity coefficients, osmotic coefficients
and water activities of LiCl solutions at 25 °C up to 20 mol/kg [127]. The previously
described ADRED model was changed to use Robinson’s data instead of the Pitzer
correlations. Furthermore, the equation of ΔGmix had to be altered from eq. (6.15)
to eq. (6.14), because the assumption of relatively low concentrations does not apply
to the saturated LiCl solution. On the adsorption side, a preheater for the evaporator
was added to the process, because of the very high BPE(20 mol/kg, 30°C) = 33 °C.
Without the preheater the pressure in the evaporator would be too low, which reduces
the performance. Hence, the evaporator temperature was increased to the regenera-
tion temperature Tev = Thot = 60 °C. The condenser continues to operate at ambient
temperature Tcond = 30 °C in the simulation.
The results of the investigation are shown in table 6.4. The exergy performance of the
system is 45 % and energy efficiency is 4 %, which is a significant increase compared to
the results at low concentrations. The higher concentration of the LiCl solution from
5 mol/kg to 20 mol/kg increases the SEC of the adsorption regeneration only by 6.5 %,
while the Gibbs free energy of mixing increases by a factor of seven. Hence, ADRED
has great potential at very high salt concentrations. In addition, the performance of
the much cheaper Siogel silica gel is almost the same as the performance achieved with
AQSOA Z01.
Table 6.4: The performance of the ADRED system at very high concentrations of LiCl
with a zeolite (AQSOA Z01) and silica gel (Siogel) as material
Material Tevap [°C] Tcond [°C] Thot [°C] m [mol/kg] η[%] ηex [%]
AQSOA Z01 60 30 60 20 4.0 44.6
Siogel 60 30 60 20 3.9 43.2
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From thermodynamic considerations to a real system application
The 45 % exergy efficiency achieved with highly concentrated LiCl solutions represents
an ideal value, which cannot be achieved due to real system limitations. The main
investigation solely considered the thermal power input, but the real system would
require electrical input for the operation as well. The pumps of an ADRED system
would consume most of the electric power supplied to the system. Thus, the following
considerations have been applied to quantifying the efficiency losses due to pumping
power. Ng et al. estimated the electricity consumption of an AD desalination plant
at 1.38 kWh/m3 (≈ 5 kJ/kg) taking into account the valves and three water pumps,
which are needed to supply the heat exchangers of evaporator, condenser and adsor-
bers with heating/cooling water [17]. Several studies have investigated the pumping
power consumption of RED plants, the results vary depending on the membrane design.
Post et al. approximated the pumping energy losses at 5 % for spacer-free membranes
[168, 169]. Tamburini et al. reported the pumping losses here at 3-25 % [8], while
spacer-filled channels lead to a power loss of 10-20 % [8]. In comparison to the RED
plants presented in the literature, the pumping energy within the ADRED process
would be slightly higher at high salt concentrations because of the viscosity increase.
For example, the dynamic viscosity of a LiCl solution at 17 mol/kg is 10 mPa⋅s and at
12 mol/kg it is 5 mPa⋅s, both at 25 °C [170].
In Fig. 6.11, the analysis was extended to incorporate pumping losses for the best
results, which are LiCl at 5 mol/kg and 20 mol/kg, as well as MgI2 at 5 mol/kg.
LiCl 20 mol/kg MgI
2
























Figure 6.11: The predicted results of the best performing salts with AQSOA Z01 with
and without pumping losses
The electricity consumption of the RED side of the system was estimated at 10 % for
the salt solutions of 5 mol/kg and 20 % for the 20 mol/kg solution of LiCl, because of
the increased viscosity. In addition, 5 kJ/kg of electricity were deducted from ΔGmix
to account for the electricity demands of the adsorption desalination side of the sys-
tem. The results in Fig. 6.11 show that pumping losses reduce the exergy efficiency to
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33 % for LiCl at 20 mol/kg, 6 % for LiCl at 5 mol/kg and 24 % for MgI2. The results
highlight the system’s feasibility even after considering the pumping losses, which are
relatively low because there are few moving parts within the system. In theory, the
system could be operated with as little as 5 pumps in total: The 3 supply pumps to
the adsorption desalinator and a pump for each of the high and low salinity solutions.
Heat integration by connecting the cooling water of the condenser to the evaporator
would reduce the number of required pumps down to 4.
The main challenge for the implementation of the system remains on the membrane
side. Permselectivity of existing RED membranes is reduced at high LiCl concentra-
tions. The reduced permselectivity causes a reduced membrane performance. There-
fore, the exergy efficiency of 33 % including pumping losses still represents an ideal
value, which demands improved membranes to be achievable.
This study demonstrates that ΔGmix is large for Li-salts at very high concentrations,
which can be processed in an AD desalinator. So far no other desalination technol-
ogy connected in the closed-loop system to a RED membrane is able to supply such a
high salinity solution to the RED stack. Thus, there was no incentive to develop such
membranes. However, the energy requirements of the adsorption desalinator are inde-
pendent of the salt concentration, which opens an entirely new field for the application
of RED membranes in the future. A system operating at such high salt concentrations
would face corrosion issues, where system components could be replaced by polymers
to prevent corrosion and lower the costs.
The size of the system is another contributor to the costs of the system. Currently, AD
desalinators produce water at a Specific Daily Water Production of 10 m3 per tonne
of adsorption material per day [17]. This performance indicator multiplied by ΔGmix
≈ 93 kJ/kg for LiCl at 20 mol/kg and subtracting pumping losses, results in a power
output of 10.7 kW per tonne of adsorption material. Post et al. showed that a 200 kW
RED plant could be mounted on a 40 ft sea container frame [168]. The electric output
of 200 kW corresponds to the afore-mentioned paper plant emitting 6 MW of waste
heat into the environment. The 200 kW RED plant would require 20 tonnes of silica
gel, which corresponds to bed sizes of 7 m3 each, if it is split among 4 adsorber beds.
Thus, the adsorption plant would be small enough to be built inside another 40 ft sea
container frame resulting in a footprint of 30 m2 for the entire ADRED system.
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6.2 Non-aqueous ammonia solutions with low latent heat
The use of aqueous solutions has several advantages for the generation of electricity in
a closed loop RED system. Water is non-toxic, environmentally friendly and is a very
good solvent for electrolytes. In addition, seawater desalination is a well established
field of research and the results can easily be applied to the regeneration side of the
system. This is also true for the RED side of the system as well. RED membranes
have been designed, developed and tested for aqueous solutions for years. Choosing
a different solvent than water would require more fundamental research on both, the
regeneration side and the membrane side of the system.
Many solvents have a lower latent heat than water, but the solubility of electrolytes
is significantly reduced. Thus, the efficiency of the regeneration side of the system
would improve, as less energy is needed to evaporate and regenerate the same amount
of solution. However, the lower solubility of electrolytes leads to a reduced performance
of the membrane. Assuming the membrane would be compatible with the nonaqueous
solvent in the first place.
Liquid ammonia is a promising solvent as it is one of the few nonaqueous solvents with
a high salt solubility which makes it an interesting alternative to water for ADRED.
Ammonia has the advantage of a low latent heat of 1150 kJ/kg [39], a similar molar
mass as water of 17 g/mol and a high dipole moment [171]. In addition, the application
of ammonia would require the use of pressure equipment, which tends to be cheaper
than the vacuum equipment needed for an ADRED system using water. Ammonia also
has a high solubility of salts as it can be seen in table 6.5. Table 6.5 also compares
the solubility of selected salts in water to their solubility in liquid ammonia. It can be
seen that some salts like lithium chloride have low solubility in ammonia. Whereas,
other salts like the ammonium halides or sodium nitrate have a much higher solubility
in ammonia than in water.
Table 6.5: Solubility of salts in liquid ammonia compared to their solubility in water
Salt NH3 [mol/kg] H2O [mol/kg] Ref.
Sodium Chloride 2.2 6.1 [171]
Sodium Bromide 6.2 7.7 [171]
Sodium Iodide 8.8 10.7 [171]
Sodium Nitrate 15.0 8.6 [171]
Lithium Chloride 0.3 20.1 [172, 173]
Ammonium Chloride 23.2 7.4 [174, 175]
Ammonium Bromide 27.9 8.1 [176, 177]
Ammonium Iodide 33.9 12.3 [176, 178]
Ammonium Nitrate 60.4 24.4 [179, 180]
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The solubility of ionic substances in a solvent depends on the properties like the dielec-
tric constant or polarity [171]. The ion-dipole interactions between ionic substances
and water are stronger compared to ammonia, because of the weaker dipole moment
of ammonia [171]. This can be seen by the solubilities of the sodium salts in table 6.5.
However, ammonium halide salts have a very high solubility in ammonia suggesting
that they can be used in the closed-loop system to achieve a high Gibbs free energy of
mixing.
Little research has been done on the application of liquid ammonia as a solvent of
electrolytes. Notably, in 1934 Larsen and Hunt investigated the properties of liquid
ammonia and determined the relative activity coefficients of Ammonium - Nitrate,
Bromide, Iodide and Chloride [181] as shown in figure 6.12a. Larsen and Hunt deter-
mined the activity coefficients through VLE measurements and derived them using a
graphical method. However, as the study was conducted in 1934 their equipment was
not accurate enough to determine a pressure difference of an ammonium salt solution
and pure ammonia at very low concentrations. Therefore, they had to assess the rela-
tive activity coefficient in relation to an arbitrarily chosen reference point at 1 molal.
The relative mean activity coefficient can be used for the calculation of ΔGmix, because
ΔGmix assesses the differences between two states. Calculating the difference between
two points with the same reference point still allows to obtain the correct result.
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(b)
Figure 6.12: (a) Experimental relative mean activity coefficients of the ammonium
halides [158].
(b) Comparison of experimental data of the absolute γ [181] and relative γ [158] of
liquid ammonia with ammonium chloride.
The absolute activity coefficients have been published for the solution of ammonia and
ammonium chloride [181]. The comparison of the absolute and relative activity coef-
ficient is shown in figure 6.12b. It can be seen that the curve of the relative activity
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coefficients is simply shifted upwards. To confirm this ΔGmix was calculated using
both activity coefficients by reading them from the graph. Two solutions of 24 molal
solution and 0.4 molal were mixed. The absolute activity coefficients lead to a ΔGmix
= 65 kJ/kgmix, while the relative activity coefficients lead to ΔGmix = 53 kJ/kgmix.
The deviation of the two values is less than 20 %, which can probably be attributed
to the graphical method applied by Larsen and Hunt (1934) to determine the relative
mean activity coefficient. However, ΔGmix for the ammonia solution is quite low com-
pared to lithium chloride in water. The mixing of aqueous lithium chloride solutions
at similar concentrations releases ΔGmix = 123 kJ/kgmix, which is twice as much. The
low ΔGmix is due to the low activity coefficients of ammonia solutions despite their
high concentrations.
On the regeneration side, two activated carbon materials were evaluated for the use
in the adsorption regeneration system. The isosteric heat of adsorption was assessed
using the Dubinin Astakhov parameters from [37]. The result of the analysis is shown
in figure 6.13 in relation to the latent heat of ammonia.




















Figure 6.13: The heat of adsorption of two activated carbons in comparison to the
latent heat of pure ammonia [37, 39]
The heat of adsorption for the ammonia/AC working pair is almost twice as high as the
latent heat and similar to water and silica gel of 2800 kJ/kg. Given the relatively low
ΔGmix and the surprisingly high heat of adsorption of the ammonia-AC working pair,
the overall system performance is not expected to exceed the performance of water and
lithium chloride significantly.
Figure 6.14a shows the results of the performance analysis of the ADRED system
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using non-aqueous solutions of ammonia and ammonium halide salts. For each one
of the salts, the maximum and minimum concentrations shown in figure 6.12a were
used to assess the efficiency under the same assumptions as for the rest of the ADRED
investigation. The regeneration temperature was 60 °C and the ambient temperature
was 30 °C. The benchmark case for comparing the two solvents is the saturated aque-
ous lithium chloride solution given in table 6.4. Ammonium iodide dissolved in liquid
ammonia achieves even slightly better results in an ADRED system, while the other
ammonium halides achieve lower performances. Ammonium nitrate has the lowest per-
formance inside the ADRED system despite its very high concentration of Chigh,in = 50
mol/kg. The activity coefficients of ammonium nitrate remain relatively constant over
the large concentration span in figure 6.12a, which is why ΔGmix remains low. Ammo-
nium iodide has the highest activity coefficients of all ammonium halides. Therefore,
it achieves a reasonable ΔGmix. ΔGmix of ammonium iodide is still slightly lower
compared to the aqueous lithium chloride solution, but the SEC of the AC/ammonia
working pair is lower than the SEC of the zeolite/water working pair by 20 %. Hence,
the overall efficiency is slightly better, but not high enough to justify the development












































































































Figure 6.14: (a) The predicted energetic and exergetic efficiencies of an ADRED system
using a non-aqueous ammonia solution. For comparison, the results of the aqueous
solution of lithium chloride is also shown in this graph. Thot = 60 °C.
(b) The boiling point elevation of ammonium bromide in ammonia calculated from
experimental VLE data given by [182].
The performance of the ADRED system is limited by the high heats of adsorption
needed for the regeneration of the activated carbon. The working pair activated car-
bon/ammonia has not gained as much attention as silica gel/water in temperature swing
adsorption systems and no commercial application has been established yet. Hence,
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the materials have not been optimised as much and the heat of adsorption is twice as
high as the latent heat of ammonia. By contrast, the latent heat of water and the heat
of adsorption of silica gel/water are very close.
Other thermal regeneration systems like MED only have to overcome the latent heat
and not the heat of adsorption. Therefore, MED systems would benefit more from
the low latent heat of ammonia. However, the main limitation of MED systems is the
boiling point elevation, because a large BPE limits the maximum number of MED-
effects. Thus, the BPE of ammonia and ammonium bromide was assessed from VLE
data published by Hunt and Larsen [182] and the results are shown in figure 6.14b.
At the highest molality of 19 mol/kg, the BPE is between 30 and 40 °C. Such a high
BPE does not allow more than one evaporation effect in the same temperature window
of Thot = 60 °C and Tambient = 30 °C, which is why MED is not a real alternative at
high salt concentrations. Furthermore, the reduction of the concentration reduces the
BPE, but also ΔGmix. Therefore, it is a trade-off between the number of effects and
ΔGmix. The switch from water to ammonia would also not improve the efficiency of a
MEDRED system significantly enough to justify the development of new membranes,
because ammonia solutions can also have high boiling point elevations like aqueous
solutions.
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6.3 Dynamic model for increased power plant efficiency
6.3.1 Integrating adsorption reverse electrodialysis into the Rankine
cycle
Fig. 6.15 shows the application of adsorption reverse electrodialysis ADRED [119] to
a power plant for conversion of waste heat to power.
Figure 6.15: The ADRED system utilises the latent heat of the turbine steam to
regenerate the adsorption beds. The produced distillate F4 is used to restore the salt
gradient between two saline solutions. A reverse electrodialysis generates electricity
from this salt gradient.
ADRED circulates a high and a low salinity solution between the RED stack and the
AD regeneration. The two solutions Fhigh,in and Flow,in enter RED, where electricity
is generated through the salt gradient. Afterwards, the salinity gradient needs to be
restored in the adsorption desalinator by partially evaporating water from the inlet
flow F2 in the AD evaporator. This water vapour is adsorbed by the silica gel in the
adsorbers. For desorption, the low-pressure steam from the turbine powers the ADRED
system by transferring the latent heat into the adsorber bed in a heat exchanger. The
silica gel bed cools and condenses the low-pressure steam by desorbing water vapour.
The desorbed water vapour is condensed in the AD condenser, which can either be
cooled by an external heat sink or by heat integration with the AD evaporator [52]. The
application of an external heat sink allows the evaporator to be heated by a part of the
saturated turbine steam, which improves the performance of the silica gel material [130].
By contrast, the heat integration between evaporator and condenser allows ADRED to
operate as a closed-loop cooling system and as an alternative to a cooling tower with
the advantage of producing electricity.
Heat integration is also possible between the two adsorber beds increasing the energy
efficiency and cycle time as a trade-off, because the specific distillate production of the
adsorption material decreases with the cycle time.
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Modelling assumptions
The model is used to investigate different heat integration scenarios to identify the best
compromise achieving the best efficiency and the highest power density of the material.
Moreover, the model is moved from a thermodynamic to a dynamic, validated and more
accurate representation compared to the previous analysis [119]. The RED model has
been validated for aqueous sodium chloride solutions [8], which is why sodium chloride
is the only salt investigated here. The model assumes:
• Homogeneous temperatures in all vessels and adsorption beds;
• Only pure water evaporates, while all salt remains in the evaporator [119];
• The salt concentration in the solution supplied from the evaporator to the mem-
brane varies, because of the changing evaporation rate [17]. The adsorption desali-
nation model takes the change of concentration into account, but the membrane
model is steady-state and to save computation time the average salt concentration
is used in each cycle;
• All components of the system are adiabatic;
• Ambient temperature Tcond,in is 25 °C, unless otherwise specified;
• Average conditions for solutions and cell pair variables between inlet and outlet
of the RED membrane as the model is independent of x-y-z-dimensions;
• Solvent flow and polarisation phenomena in the RED membrane are neglected
[8];
• Ideal current distribution in RED membrane [8];
• The adsorbent mass of the adsorption desalinator is kept constant, while the
membrane area is variable. This allows RED to cope with different distillate flow
rates achieved under different conditions.
Mass balances
The mass balances for the flow rates Fi [kgsol/s] and the corresponding salt mass frac-
tions wi [kgsalt/kgsol] based on the scheme in Fig. 6.15 are listed below:
Fhigh,in + Flow,in = Fhigh,out + Flow,out (6.31)
Fhigh,in = Flow,in (6.32)
Fhigh,in whigh,in + Flow,in wlow,in = Fhigh,out whigh,out + Flow,out wlow,out (6.33)
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F3 wlow,out = Flow,in wlow,in (6.34)
Fhigh,out whigh,out + F1 wlow,out = F2 w2 (6.35)
Fhigh,out + F1 = F2 (6.36)
F4 + F3 = Flow,in (6.37)
Fhigh,in + F4 = F2 (6.38)
RED model
Tamburini et al. presented a validated RED model, which was adapted for this study
including all the membrane specific parameters [8]. Moreover, they optimised the mem-
brane operational variables and the result achieving the highest efficiency were used for
this study as well.
The volumetric flow rate V̇ through the RED membrane [m3] is defined as:
V̇ = εsp Ncell δlow l v (6.39)
where εsp = 0.6 is the spacer porosity (-), δlow/high = 270 ⋅ 10−6 m is the high and low
compartment thicknesses, Ncell = 50 number of cell pairs, v = 0.01 m/s is the fluid
velocity in the membrane and l = 0.01 m is the length of the membrane [8].
The Nernst equation is required to determine the cell voltage Ecell [V]:





where F = 96485.3 C/mol is the Faraday constant, αCEM/AEM is the permselectivity of
the cation and anion exchange membranes (CEM and AEM) respectively, mhigh/low is
the molality [mol/kg] of the solutions, γ the activity coefficients of electrolytes from the
Pitzer model in section 6.1.1, and the equivalent conductivity Λ [S m2/mol] is obtained
through the Jones and Dole equation [183]:





where C is the molarity [mol/L], Λ0 = 0.01265 Sm2/mol [184] and the other param-
eters were fitted on the experimental results of Chambers et al. [185] by this study:
AΛ = −9.3 ⋅ 10−3, BΛ = 1.756, CΛ = 6.965.











where sf is the spacer shadow factor [-]. The concentrations Clow = 2 mol/L and
Chigh = 5 mol/L lead to the highest membrane efficiency [8]. The cell resistance Rcell
is composed of the resistances of the solutions and the AEM and CEM membrane
resistances RAEM = 2.96 ⋅ 10−4 Ωm2 and RAEM = 1.55 ⋅ 10−4 Ωm2 [8].
Rcell = Rlow +Rhigh +RAEM +RCEM (6.44)
The stack resistance Rstack:
Rstack = N Rcell +Rblank (6.45)
The Open Circuit Voltage OCV
OCV = N Ecell (6.46)
The electrical current density j [A/m2], where the stack resistance is approximately








The power per cell pair area Pd [W/m










2 Dsalt (Chigh −Clow)
δm
(6.49)
The outlet concentrations [mol/L] from the membrane can be calculated by the follow-
ing equation:








The density of sodium chloride solutions [kg/m3] was measured by Kiepe et al. [186]
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and fitted to the following equation by this study:
ρsol = 1133.12 − 0.44 T + 41.30 m − 0.024 m T (6.52)
The flow rate specific power output Pd,s [W s/kg] is required to assess the overall





6.3.2 Mathematical model for high performance adsorption desalina-
tion
El-Dessouky and Ettouney presented a fully heat integrated adsorption vapour com-
pression ADV C system in a simplified mathematical model [187] achieving high per-
formances due to heat integration. Their heat integration between the adsorbers does
not require additional vessels. After adsorption (point 1 in Fig. 6.16) and desorption
(point 4), water is circulated between the hot, dry bed and the cold saturated bed
until they are at equal temperatures in point 3 and 6 in Fig. 6.16. During internal
circulation the water cycle is cooled by the heat of desorption 2→3, while it is heated
by the heat of adsorption 5→6 of the other bed. This facilitates the process until both
beds are almost at equal temperatures T3 ≤ T6 The internal circulation scheme is ideal
for adsorption desalination as seen in Fig. 6.16.
Figure 6.16: The internal recovery scheme as proposed by El-Dessouky and Ettouney
[187] halves the energy input for desalination as the system can desorb about half the
water from 2→3 without external energy input.
The heat integration is simple, straightforward and has been known for almost 20
years, but has never been tested in a dynamic model let alone in an experimental sys-
tem, because the process is less advantageous for heat pumps than desalinators. Heat
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integrations in experimental systems usually flow cold water through the hot bed first
to preheat the cold bed during isosteric heating, but do not use the heat for desorption
(Fig. 6.16).
A lumped parameter, dynamic model [132, 188] was adapted for the interpretation of
the experimental adsorption desalinator and updated with the heat integration scheme
of El-Dessouky. Table 6.6 shows the two additional phases II and IV required for in-
ternal circulation. Table 6.7 shows sequence parameters used to adjust the modelling
equations according to the phases in table 6.6. All parameters used in the model are
given in table 6.8.
Table 6.6: The six phases of the adsorption desalination cycle in Fig. 6.16
Phase Cycle 1 Bed 1 Cycle 2 Bed 2 Heat source
I 1 → 2 Isosteric Heating 4 → 5 Isosteric Cooling Internal circ.
II 2 → 3 Desorption 5 → 6 Adsorption Internal circ.
III 3 → 4 Desorption 6 → 1 Adsorption External
IV 4 → 5 Isosteric Cooling 1 → 2 Isosteric Heating Internal circ.
V 5 → 6 Adsorption 2 → 3 Desorption Internal circ.
VI 6 → 1 Adsorption 3 → 4 Desorption External
Table 6.7: Model sequence parameters for each adsorption cycle phase in table 6.6
Phase I II III IV V VI
τ1 0 1 1 0 0 0
τ2 0 0 0 0 1 1
ω 0 1 1 0 1 1
ξ 0 0 1 0 0 1
The water uptake of the Siogel silica gel (Oker Chemie, Germany) is assessed by Dubinin
Astakhov (DA) isotherms [37, 122]











(q∗ − q) (6.55)
The mass balances of the condenser and evaporator are shown below:
dMevap
dt












) − F4 (6.57)








+ F2 w2 − Fhigh,in whigh,in (6.58)








)MsgL + ṁevapcp,w(Tevap,in − Tevap,out) (6.59)
Where Mhxev is the mass of the heat exchanger [kg], the latent heat L [kJ/kg], cp,hx
is the specific heat of the aluminium heat exchanger [kJ/(kgK)], cp,w is the specific
heat of the cooling water [kJ/(kgK)] and cp,sol,w is the specific heat of the solution
inside the evaporator, which is about 3.3 kJ/(kgK) for concentrated NaCl solutions at
ambient temperature [189]. It should be noted that the specific heat energies of the
liquid phases inside the vessels in eq. (6.59-6.63) are related to the internal energy of
the system. However, the difference between cp and cv is minimal for liquids and cp
was used in the dynamic energy balances.








)MsgL + ṁcondcp,w(Tcond,in − Tcond,out) (6.60)














+ṁadscp,w[ξ (Tads1,out − Tads2,out) + (1 − ξ)(Tads,in − Tads2,out)] (6.62)
All outlet temperatures Ti,out [K] are determined by the logarithmic mean temperature
difference:
Tout = Tvessel + (Tin − Tvessel) exp(−UA
ṁ cp
) (6.63)
Where U is the overall heat transfer coefficient [W/(m2K)], A is the surface area of
the heat exchanger [m2] and ṁ is the flow rate of water supplied to the heat exchanger
[kg/s]. The heat of adsorption Δhads [kJ/kg] is derived from Clausius-Clapeyron and
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the DA isotherm [124], where Θ = q1/q0:







The two main performance indicators in adsorption desalination are the Specific Daily
Water Production SDWP [kgw/(kgsgd)] and Performance Ratio PR [-], which are given
by eq. (2.3) and eq. (2.2) in chapter 2.2.1.





where pbed,ads is the saturation pressure at the temperature of the adsorption bed.
The adsorption model and the reverse electrodialysis model are the two main building
blocks of the model linked by the mass balances as third block. First, the adsorption
desalination block runs for 10 cycles to achieve cyclic steady state, then the model
is connected to the other two system blocks. The average evaporator mass fraction
whigh,in is passed on to the RED model, which calculates the power production of the
membrane and outlet concentrations. These are passed on to the mass balances, which
require the distillate production F4 and the concentrations to calculate the return feed
from the membranes to the evaporator.
The output values of the model are SDWP and PR as the two performance indicators
of the regeneration side. In addition, the energy efficiency ηen, exergy efficiency ηex













The electric power output Pel,ADRED [MW] is a function of ηen and the energy of the
saturated steam from the power plant Q̇steam [MW]:
Pel,ADRED = ηen Q̇steam (6.69)
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Table 6.8: Simulation parameters for the small-scale adsorption desalinator [128] and
Siogel silica gel.
Property Unit Value Reference
ṁevap L/min 0.4 -
ṁcond L/min 0.8 -
ṁads/des L/min 0.4 -
Mhxevcp,hx kJ/K 0.137 -
Mhxcocp,hx kJ/K 0.378 -
Mhxadscp,hx,ads kJ/K 0.546 -
UAads W/K 14 -
UAcond W/K 7 -
UAevap W/K 40 -
tcycle s 1200-4000 -
Rp m 0.002 -
Msg kg 0.21 [128]





q0 kg/kg 0.38 [123]
E kJ/kg 220 [123]
n - 1.1 [123]
R J/(molK) 8.314 [39]
6.3.3 Adsorption model validation for low temperature regeneration
The lumped parameter, dynamic model was validated with experimental data obtained
from the small scale adsorption test rig described in section 5.1.1 and [129]. The
model in table 6.6 was adapted to represent the physical system by skipping the inter-
nal circulation phases. Three low temperature experiments [130] were used to fit the
model on the parameter UA [W/K] of each vessel. The experiments were conducted
by slightly heating the evaporator to achieve Pevap ≈ Pcond [120] with Tcond,in = 25 °C,
while Tevap,in > Tcond,in and tcycle = 2400 s [130]. The best fitting parameters repre-
senting the experiments are UAads = 14 W /K, UAcond = 7 W /K and UAevap = 40 W /K.
The model was fitted on the system performance in terms of PR and SDWP as shown
in Fig. 6.17. In Fig. 6.17a the PR for the lowest regeneration temperature is in very
good agreement with the model, while for the two higher temperatures it slightly over-
predicting them within the experimental error. The SDWP in Fig. 6.17b is over-
predicted for the lowest regeneration temperature, while the two higher temperatures
are in line with the experimental results. However, fitting the model on all experimen-
tally obtained temperatures, pressures and time combinations with a single set of UA
can lead to deviations of more than 100 % in some of the results. One of the main
limitations of the lumped parameter, dynamic model lies in the assumption homoge-
neous temperatures throughout the units, whereas real systems are characterised by
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temperature distributions (e.g. up to 10 °C measured in the evaporator). By contrast,
several authors have reported excellent agreement between the model and the experi-
mental results [17, 55], which cannot be confirmed by this study. Based on this study,
it can be concluded that the model is appropriate for system design, when no exact















































Figure 6.17: (a) The model predicts the PR within the experimental uncertainty for
low temperature regeneration.
(b) The SDWP is over-predicted by the model for very low regeneration temperatures.
Improved performance model with internal circulation scheme
The PR of eq. (2.2) quantifies the energy efficiency of the adsorption desalination
system. Large thermal desalination systems like multi effect distillation can achieve
PR ≈ 10 [72], which means they generate ten times more water per unit of energy than
simple distillation. However, these systems are very large. Adsorption desalinators are
much more compact, have lower investment costs [17], but achieve PR < 1, where Ng.
et al. have reported up to PR = 0.75 in an experimental study [17]. The performance
ratio of experimental systems was addressed in early studies [133]. Much recent work
focused on maximising the SDWP through material design, while the PR of even the
most advanced systems remained constant around 0.6 [129] to 0.75 [17]. However, for
commercial applications it is essential to develop the technology beyond PR > 1, which
requires an optimised process design with favourable heat exchanger to adsorption ma-
terial weight ratios [191] as well as a more advanced heat integration within the system.
Fig. 6.18 highlights the potential of adsorption desalination with internal circulation
for different internal circulation times. The internal circulation times of phase II and
V in table 6.6 were varied from 0-1400 s, while phases III + VI were kept constant at
600 s each and phases I + IV at 30 s. Moreover, the inlet temperatures in Fig. 6.18
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are Tevap,in = Tcond,in = 30 °C and Thot,in = 80 °C.
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Figure 6.18: The model predicts that increasing internal circulation times can
boost the PR above the threshold of PR=1 (a), while sacrificing the SDWP
(b). The experiment is conducted without internal circulation with Thot,in = 80 °C,
Tevap,in = Tcond,in = 30 °C, 600 s half cycle time and is used to validate the model.
The starting point of the investigation in Fig. 6.18 is zero internal circulation time,
which resembles the experimental system [129] without the proposed internal circula-
tion and only a simple heat recovery described in [129]. For tads,int = 0 s, the model
and the experimental result are in agreement (Fig. 6.18). When, tads,int is increased
up to 1400 s., the PR increases from PR = 0.60 up to 1.04 (Fig. 6.18a), which is an
improvement of 75 % compared to the experimental result. This indicates that ad-
sorption desalinators can exceed the threshold of PR ≥ 1, which is imperative for the
commercial success of adsorption desalination. However, the SDWP decreases with
increasing tads,int as the total cycle time increases with tads,int. Therefore, the optimal
performance is a trade-off between the two indicators. An increased PR indicates in-
creased energy efficiency, while a decreased SDWP implies a greater amount of silica gel
and larger system footprint. The generally low SDWP of 4-8 kgw/(kgsgd) is silica gel
specific and a move to newly developed adsorption materials could significantly increase
the SDWP and decrease the footprint with it. For example, Askalany et al. presented
novel Ionogels, where experimentally obtained SDWP ≈ 25 kgw/(kgigd) was reported
[131]. Moreover, improved heat exchanger designs with larger UA-parameters would
reduce the cycle time and increase the SDWP as well. Modelling the ADRED system
with ionogels would require further experiments with two fully packed heat exchangers
and heat recovery to assess the PR of ionogels in addition to the SDWP. Moreover,
kinetic measurements would be required for the LDF equation.
The experiment in Fig. 6.18 was conducted with salt free water in the evaporator, while
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the salinity in the model was 35 g/kg (≈ 0.6 mol/kg) for seawater [95]. The presence of
salt has an effect on the system performance through the boiling point elevation which
decreases the pressure in the evaporator as described in [17, 119]. However, the boiling
point elevation for seawater is small BPE = 0.3 °C reducing the pressure by 0.06 kPa
or the relative humidity from 100 % to 98 % at Tevap = Tcond. In the ADRED pro-
cess the salinity in the evaporator is 5 molNaCl/kg causing BPE = 3-4 °C and lowering
the pressure by 0.6 kPa or RH from 100 % to 81 % at Tevap = Tcond, which impairs
the working capacity. The reduced RH due to the high BPE can be compensated by
heating the evaporator.
6.3.4 Results for validated, small-scale Adsorption Reverse Electro-
dialysis model
The model assesses the energy efficiency ηen and exergy efficiency ηex of the ADRED
process depending on the heat source temperature for each case. Moreover, it deter-
mines the SDWP and PR for the adsorption side of the system. Pd,ADRED is calculated
from eq. (6.68) and Pel,ADRED from eq. (6.69) with Q̇steam = 700 MW leading to the
mass of silica gel Msg = Pel,ADRED/Pd,ADRED. The results are compared for 6 different
degrees of heat integration shown in table 6.9 to find the best configuration for each
case. The first scenarios 1xyz in table 6.9 describe the system with no heat integra-
tion between evaporator and condenser, but increasing degrees of internal circulation
as described in section 6.3.2 above. The other scenarios 2xyz feature heat integration
between evaporator and condenser, which lets water always circulate between the two.
The evaporator cools the water flow, while the condenser heats it up due to the latent
heat of water. Hence, no external heat sink is required for the condenser in 2xyz. In
addition, increasing degrees of internal circulation are also investigated in scenarios
2yz.
Table 6.9: Different scenarios and input parameters for the ADRED model. Below,
“c-e int.” stands for heat integration between AD condenser and AD evaporator and
“circ.” for circulation. For all cases tads = 600 s and tisos = 30 s.
Scenario Description Tevap,in [°C] tads,int [s]
1x No heat integration 30 1
1y Short internal circulation 30 600
1z Long internal circulation 30 1200
2x No internal circ. + c-e int. - 1
2y Short internal circ. + c-e int. - 600
2z Long internal circ. + c-e int. - 1200
The input conditions of the steam power plant (Tads,in = 40 °C) are used by the val-
idated small-scale model to assess the process performance. The first three scenarios
in table 6.9 consider external evaporator heating, while the last three feature heat in-
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tegration between evaporator and condenser. Within each category, the subscenarios
xyz test the suitability of the internal circulation for this application.
Fig. 6.19a shows that the PR of the AD side increases with the degree of heat inte-
gration. Overall, the PR is less than 1 because the working capacity of silica gel is
reduced at 40 °C compared to 80 °C in Fig. 6.19a. However, the fully heat integrated
system (scenario 2z) achieves PR = 0.63, which is 64 % higher than the PR with no
heat intergation in scenario 1x. The energy efficiency of scenarios 1xyz is below 2xyz
in Fig. 6.19c, because the evaporator heating in cases 1xyz requires additional heat
input, which is accounted for in the energy efficiency. The silica gel power density in
Fig. 6.19b is highest for the system with no heat integration 1x, because it achieves
the highest SDWP. In 1xyz as well as in 2xyz the SDWP decreases with the cycle time
from x to z as less cycles can be performed within one day at long cycle times.
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Figure 6.19: Predicted performance of the small scale ADRED system. Input conditions
are given in table 6.9:
(a) PR and SDWP of the adsorption desalination system for different heat integrations.
(b) The electric power output per kg of silica gel for the overall system.
(c) The energy and exergy efficiency of the overall ADRED system.
The exergy efficiency in Fig. 6.19c is highest at 15.3 % for scenario 1z, where the evap-
orator is heated externally and the internal circulation time is maximised. The Carnot
factor (= 1 − Tcond,in/Tevap/hot,in) in eq. (6.67) is used to convert the energy efficiency
to the exergy efficiency. Heat with lower heat source temperature contains less exergy,
because the Carnot factor is lower. Here, it is is 2.9 times lower for Tevap,in = 30 °C
than it is for Thot,in = 40 °C at Tcond,in = 25 °C. Thus, heating the evaporator does
not impair the exergy efficiency, because of the lower Carnot factor at 30 °C. Instead,
the higher working capacity of the silica gel increases the exergy efficiency of 1xyz above
2xyz for each respective scenario. The working capacity of the material increases with
evaporator heating, which is represented by the higher SDWP in 1xyz compared to
2xyz in Fig. 6.19a.
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The overall system performance could be further improved by novel adsorption materi-
als with higher SDWP and working capacities, future developments in heat integration
and the development of improved RED membranes. The thermodynamic analysis in
the preceding publication showed that highly concentrated LiCl solutions (20 mol/kg)
could improve the exergy efficiency to more than 40 % [119], but this is impossible to
achieve with current membranes, which are optimised for sodium chloride solutions.
6.3.5 Application to 700 MW of waste heat from a power plant
A steam power plant with 700 MW condenser power at 40 °C was assumed as waste
heat source [139]. Fig. 6.20 scales the specific results of Fig. 6.19 up to the absolute
sizes of the adsorber beds and the electricity output of the large scale power plant.
The smallest system in Fig. 6.20a with the highest power density scenario (1x), which
requires an external heat sink like the sea. The fully heat integrated system in 2z pro-
duces 56 % more electricity but requires 6 times more silica gel.
The best trade-off between size, electricity output and without external heat sink is
scenario 2x, which does not feature the internal circulation. Therefore, the cycle times
can be shorter leading to an improved distillate production.
The volume of 7300 tons silica gel in 2x can be split between 4 cylindrical adsor-
ber beds of 30 m height and a diameter of 14 m. The silica gel volume was doubled
to account for heat exchangers inside the adsorbers and to estimate their sizes in Fig.
6.20b. New adsorption materials with working capacities > 1 gw/gig at 40 °C can re-
duce the footprint of the adsorbers significantly [131]. However, the energy efficiency of
the system with an improved working capacity is unlikely to change as Δhads is always
at least Lw.
Fig. 6.20b compares the size of the proposed ADRED system to the size of a 122 m
high natural air flow cooling tower of a similar cooling capacity [192], which is replaced
by the ADRED system. The size of the RED plant was extrapolated from the results of
Post et al. [168], where a 100 kW RED plant was estimated to fit inside a 40 ft container.
The ADRED system utilises most of the heat supplied by the power plant, but would
still require a small external heat sink for the last step of the adsorption cycle as shown
in Fig. 6.16. However, the discharged heat flow of ADRED is significantly smaller than
the waste heat flow of the power plant and discharged at ambient temperature instead
of 40 °C. Therefore, the power plant does no longer require the large cooling tower in
presence of ADRED.
The system generates 3.2 MW of electricity. About 5 kJel/kgw are estimated to be lost
due to pumping in an AD plant [17, 128] and the distillate flow rate from the large
scale ADRED plant is SDWP ⋅M sg = 160 kgw/s resulting in pumping losses of 0.8 MW
for the AD side of the system. An additional 5 % of the electricity are lost to pumping
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in the RED plant [8, 168]. Thus, the ADRED system generates 2.3 MW net electricity
at an energy efficiency of 0.33 % and the exergy efficiency of 7.1 %.














































Figure 6.20: (a) The electricity output and mass of silica in kilotons for each heat
integration configuration.
(b) Size comparison [m]: ADRED system based on the modelling results of heat inte-
gration scenario 2.1 (front) to natural air flow cooling tower (back).
Adsorption Reverse Electrodialysis using Ionogels
Ionogels achieve high SDWP at low regeneration temperatures. Thus, they are ideal
for the application in the closed loop system. In scenario 1, Ionogels achieve SDWP of
11 kgw/(kgigd) based on the experiments in the previous chapter. This result is about
four times higher than the SDWP of silica gel. Thus, the adsorber beds of scenario
1x in case 1 would be reduced to about 800 tons leading to a much smaller system.
However, the ADRED system using Ionogel cannot be modelled yet for two reasons.
Firstly, kinetic properties of water adsorption on Ionogels are not available yet, but are
a requirement for the LDF model. Secondly, more Ionogel experiments are necessary
with higher loadings of Ionogel on the heat exchanger. The dynamic model needs to
validate on the PR as well as the SDWP, where the SDWP is an adsorbent mass specific
performance indicator, which is why it is independent of the mass of Ionogel inside the
heat exchanger. By contrast, the PR takes the energy supplied to the heat exchanger
as well as the Ionogel into account. The heat exchanger has a mass of 600 g, while only
25-60 g of Ionogel were packed inside the heat exchangers, which is enough to assess
the SDWP, but insufficient for the PR as contribution of the aluminium mass to the
PR is too significant. Thus, the impact of Ionogels on the energy performance could
only be made based on qualitative considerations.
The PR will improve slightly by less than 10 % by switching from Siogel silica gel to
Ionogel. The heat requirements of the heat exchanger mass will remain constant, but
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the heat of desorption improves by about 15 % for Ionogel. The heat of adsorption of
Siogel is about 2800 kJ/kgw [123], while Ionogel has a slightly reduced Δhads of 2400
kJ/kgw [131]. Thus, the energy efficiency of the process will remain at 0.3-0.6 %, but
the exergy efficiency will improve at low regeneration temperatures of 25 °C due to the
Carnot factor. An energy efficiency of 0.5 % at Tambient = 20 °C and Thot = 25 °C
leads to an exergy efficiency of 30 %.
6.4 Cost analysis - levelized cost of electricity
A cost analysis of ADRED is performed to assess the levelized cost of electricity (LCOE)
of the system and to compare it to other renewable energy technologies. The LCOE is
defined as [193]:
LCOE =
CapEx ⋅∑nt=1 OpExt+✭✭✭✭✭✭❤❤❤❤❤❤F uelt+Carbont(1+r)t
∑nt=1 Et(1+r)t (6.70)
In eq. (6.71) CapEx are the capital expenses, OpExt the operational expenses, Fuelt
the cost of fuel at purchase, Carbont the carbon emission cost, Et the electricity pro-
duction and r the discount rate at 5 %. The cost of fuel at purchase and the carbon
emission costs are not considered in eq. (6.71), because the low-grade heat source is
presumed to be free in the form of industrial waste heat. In addition, the system is a
renewable process and no carbon is emitted through the application of the process.
The electricity produced each year is assessed by the following equation:
Et = (PowerOutput) ⋅ (Seconds per year) ⋅ (Uptime) (6.71)
The power output of the system is assumed to be 3200 kW taken from the dynamic
simulation in the previous section. Furthermore, an uptime of 90 % of the plant was
estimated allowing time for repairs and revision.
The calculation of the capital expenses was based on a publication by Daniildis et
al. [169], who assessed the LCOE for a RED power plant. Hence, their assumptions
were considered for the RED side of the closed-loop ADRED system. The capital ex-
penses of the regeneration side of the ADRED system were based on a cost analysis
performed by Ng et al. for an adsorption desalination plant [17]. The sum of the
capital expenses can be split into five contributors: the construction cost Cconstr, the
equipment cost Cequip, the membrane cost Cmembrane and the cost of the AD plant CAD
with the labour cost Clabour being 20 % of the capital expenses.
CapEx =∑[(Cconstr +Cequip +Cmembrane +CAD) ⋅ (1 +Clabour)] (6.72)
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The construction cost of the building was assessed by Daniildis et al. [169]. The
cost to build a high-tech factory building was assumed to be 1123 €/m2. The factory
building has an installation volume of 4 kW/m3, where a construction height of 15 m
was assumed. These considerations are incorporated into the following equation:
Cconstr =
(PowerOutput) ⋅ (Hightech factory per m2)
(Installation V olume) ⋅ (Construction height) (6.73)
The equipment cost are taken into account at Cpump = 1600 €/kW, which leads to:
Cequip = Cpump ⋅ (PowerOutput) (6.74)
The cost of an adsorption desalination plant was analysed by Ng et al. [17]. Ng et al.
did not provide many details in their publication, but they estimated the cost of a plant
producing 12.5 m3/day at USD 108k, which converts to ADcost = 606k EUR/(kg/s).
The flow rate of distillate which needs to be provided by the adsorption plant can
be estimated by the ratio of the plant output and ΔGmix. Aqueous sodium chloride
solutions of 5 mol/kg can achieve ΔGmix ≈ 12 kJ/kg. In addition, an efficiency factor
for the membrane of η= 0.8 was considered as no membrane can convert the entire






Daniildis et al. assumed that the operational expenses are 6% of the capital expenses
[169]. For simplicity, the same was assumed for the adsorption plant, which roughly
matches Ng’s operational expenses [17].
OpExt = CapEx ⋅ 0.06 (6.76)
The LCOE was calculated for an ADRED system utilising a saturated aqueous lithium
chloride solution as working fluid. All the considerations above lead to an LCOE of
1.56 €/kWh for a system with a lifetime of 25 years. Hence, the electricity generated by
an ADRED system is about 10 times more expensive than photovoltaic and 20 times
more expensive than coal/nuclear energy [193].
6.5 Conclusions
In this chapter an entirely new process to generate electricity from low-grade waste heat
using an Adsorption - Reverse Electrodialysis (ADRED) system has been developed.
The ADRED system aims to generate electricity from low and high salinity solutions
in a closed-loop system by utilising low-grade heat between 60-100 °C. After flowing
through the Reverse Electrodialysis membrane the two solutions are regenerated by an
adsorption desalinator driven by the low-grade heat source. Compared to other desali-
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nation methods, adsorption desalinators have a simpler system design, fewer moving
parts, a lower electricity consumption and can utilise low-grade heat as low as 40 °C
with current, commercially available materials. Future development of materials could
reduce the regeneration temperature down to an unprecedented temperature of 25 °C.
A model for the prediction of exergy efficiencies for the ADRED system has been
developed. The model has been used to screen 227 salts and ten different adsorption
materials for their applicability in the ADRED system and calculate the exergy effi-
ciency for each material, salt over a large number of possible system operating param-
eters. It was demonstrated that the specific exergy consumption is widely unaffected
by the salt and its concentration. This is an important feature, because it allows the
application of highly concentrated salt solutions and the optimisation of the Reverse
Electrodialysis membrane without restrictions from the regeneration side. By contrast,
other desalination methods impose constraints on the maximum salt concentration,
because their thermal energy consumption increases with the salt concentration.
This investigation has focused on the performance of the ADRED system. A total
number of 300,000 different combinations of salts, materials and system parameters
have been analysed to identify the optimum combination. Firstly, the study analysed
the best overall results considering all salts. Secondly, the list of salts was reduced
to monovalent salts, because current Reverse Electrodialysis membranes are designed
for them. In the first analysis AQSOA Z01 proved to be an excellent material for low
temperature regeneration, where it had the best performance and it performed best in
combination with MgI2 yielding an exergy efficiency of 28 %. In case of the monovalent
salts, LiCl showed the highest performance. However, the Pitzer correlations are only
fitted for LiCl up to a maximum concentration of 5 mol/kg, whereas the actual satu-
ration concentration of this salt is 20 mol/kg. Therefore, an additional investigation
assessed the performance with a saturated LiCl solution, as LiCl is the best monovalent
salt from the main investigation. The result revealed an outstanding exergy efficiency
of 45 % and an energy efficiency of 4 % with AQSOA Z01 as well as Siogel silica gel.
Water has very high latent heat. Hence, a lot of energy is required to regenerate
aqueous salt solutions. Other fluids have a much lower latent heat, while showing de-
cent salt solubility at the same time. Liquid ammonia was considered as an alternative
fluid to water, because it has a low latent heat of evaporation 1150 kJ/kg and some
salts show very high solubility in liquid ammonia of up to 60 mol/kg. The combina-
tion of low latent and high salt solubility of liquid ammonia promised improved energy
efficiency. Thus, the thermodynamic ADRED model was adjusted to use the working
pair ammonia - activated carbon. However, literature data on liquid ammonia is scarce
and only few papers from the 1930s report activity coefficients, which could be used
for modelling. In addition, only few studies worked on adsorption of ammonia on acti-
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vated carbons and the heat of adsorption reported is twice as high as the latent heat
of ammonia. Thus, the results were comparable to the aqueous solutions of LiCl from
the preceding investigation. Hence, the investigation indicated no clear advantage of
switching the fluid from water to ammonia.
A promising application for ADRED is the conversion of waste heat emitted by power
plants, amounting to 4000 TWh/year between 40-49 °C in the USA alone, which has a
vast potential even at very low energy efficiencies. The only other thermal desalination
method that can be operated at such low temperatures is membrane distillation, but
the internal electricity demand would be too high for the RED heat engine.
A dynamic model was implemented to test the application of an ADRED system pow-
ered by steam coming from the low pressure turbine of a power plant at 40 °C as waste
heat source for conversion into electricity.
An adsorption desalination unit is powered by the low pressure steam and condenses
the steam in the heat exchanger of the adsorption beds. The analysis is conducted
with in a simulation, where each component is experimentally validated. Moreover,
the process scheme of the adsorption desalination model was enhanced increasing the
performance ratio above 1. This was achieved through an innovative heat integration
between the two adsorber beds. The validated reverse electrodialysis and adsorption
desalination models were combined and analysed for the input conditions of the power
plant. The investigation screened six different heat integration schemes achieving ex-
ergy efficiencies 10-15 % and energy efficiency of 0.35-0.55 % for silica gel. Therefore,
the system can convert a waste heat source of 700 MW into a net electricity production
of 2.3 MW, which increases the electrical output of the steam power plant by 0.5 %.
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Chapter 7
Conclusions and future work
This work is motivated by the utilisation of industrial low-grade waste heat 40-100 °C,
which is available in abundance, but is usually emitted into the environment leading to
thermal pollution and economic losses. Instead, waste heat can be used for electricity
generation by combining a thermal desalination system with a reverse electrodialysis
membrane RED in a closed loop of two saline solutions. The RED membrane generates
electricity from the salt gradient between the two solutions, while the thermal regen-
eration unit restores the salt gradient and is powered by the waste heat source.
In this work adsorption desalination as well as other thermal desalination methods
were investigated for their application within the RED heat to power process. The
thermodynamic properties of salt solutions are highly important for the process. Thus,
the characteristics of salt solutions were investigated first. An experimental analysis
was conducted using a Barker’s cell to measure saturation pressures and temperatures
of novel acetate salt solutions. The analysis extended the available data in the liter-
ature significantly. Caesium, lithium and potassium acetate salt solutions were each
measured at concentrations up to 9 mol/kg and temperatures 10-90 °C. Pitzer model
virial coefficients were fitted to the experimental data obtained for the novel acetate
salt.
Conclusions on desalination
Desalination modelling was conducted for multi-effect distillation MED, multi-effect
distillation adsorption MEDAD and absorption vapour compression ABVC in different
simulation platforms. A MED model was implemented in Honeywell UniSim Design
R443 using OLI electrolytes package. The results show that the performance is very
sensitive to the number of effects and the thermal energy consumption decreases from
150 kWh/3 for 5 effects to 30 kWh/3 for 27 effects. The combination of MED with
adsorption was proposed by the group of Prof. Ng and investigated within this work
as well. A thermodynamic, steady state model was implemented in Matlab, but the
results show no significant improvement compared to MED alone. Another promising
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novel desalination method proposed by El-Dessouky is ABVC, which was simulated in
UniSim. The system has a much simpler set up than MED, but achieves 250 kWh/3
regardless of salt type and concentration.
An experimental adsorption desalinator was designed, built and experimentally tested.
Adsorption desalination features the simplest process design and lowest electricity con-
sumption. Moreover, it can also be powered by the lowest regeneration temperatures,
but has a comparably high thermal energy consumption of more than 850 kWh/m3.
The best performing adsorption desalinator in the scientific literature uses 144 kg of
silica gel, whereas the design presented here requires only 0.025 kg to 0.4 kg, which
is currently the world’s smallest, reported design. The small scale minimises the lab
space requirements and allows the testing of novel, non-commercial materials. Larger
systems can only test established, commercial materials, but technology advances are
more likely to arise from novel materials.
Silica gel is an inexpensive, commercial material that has been tested in almost all
experimental adsorption desalinators and is commonly used for benchmarking. A com-
prehensive analysis was conducted using Siogel silica gel for different temperatures and
cycle times. The system achieved a maximum Specific Daily Water Production SDWP
of 10.9 kgw/(kgsgd) and Performance Ratio of 0.6, both at 80 °C and full cycle times
between 1200 s and 2400 s. Low temperature regeneration testing reduced the Specific
Daily Water Production to 2.8 kgw/(kgsgd) at 40 °C. A novel thermal response exper-
iment and adsorption cycle analysis provided deeper insight into the process beyond
the established performance indicators.
Ionogels are novel, non-commercial adsorption materials composed of a silica gel sup-
port structure impregnated with an ionic liquid. Ionic liquids are attracting widespread
interest in fields such as fuel cells, batteries, heat storage or catalysis, while water
sorption for supported ionic liquids is an entirely novel field. A preliminary screen-
ing of different ionic liquids identified the most promising candidates for temperature
conditions present in adsorption desalination achieving high water uptakes at relative
humidity > 60 %. The two most promising candidates were EMIM Ac (1-ethyl-3-
methylimidazolium acetate) and choline glycolate (2-hydroxyethyl-trimethylammonium
2-hydroxyethanoate). EMIM Ac is readily commercially available, whereas choline gly-
colate needs to be custom manufactured. Thus, one heat exchanger was packed using
monoliths of Syloid 72FP silica gel impregnated with 60 wt% EMIM Ac. A cycle time
analysis revealed that the Ionogel monoliths feature improved heat and mass transfer
compared to the Siogel silica gel beads, which reduced the full cycle time to 300-800 s.
In addition, low temperature regeneration < 50 °C was conducted showing that Ionogel
can be regenerated as low as 25 °C achieving SDWP = 6.8 kgw/(kgigd), which is similar
to silica gel at 50 °C. An increase of the regeneration temperature to 45 °C improves
the SDWP to 17.5 kgw/(kgigd), which is almost twice as high as silica gel at 80 °C.
Therefore, Ionogels are proven to be an exciting new class of adsorption materials that
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deserve further investigations.
Conclusions on adsorption reverse electrodialysis
The integration of adsorption desalination into the RED heat to power process was
proposed forming adsorption reverse electrodialysis ADRED. The ADRED concept is
entirely novel and combines the outcomes of the previous chapters in two sections.
The first sections investigated ADRED’s performance from an ideal, thermodynamic
point of view neglecting the design limitations of a real system, e.g. heat and mass
transfer limitations, membrane resistances and permselectivity. A thermodynamic
model was created to assess the energy and exergy performances of the integrated
system for 10 different adsorption materials and 227 different salts. The performance
of the adsorption desalinator is calculated through the Specific Energy Consumption,
an indicator neglecting all system heat and mass transfer limitations. For the RED
electricity production, the Pitzer model was used to determine the Gibbs free energy
of mixing at different concentrations for all 227 salts. Salt and mass balances combine
the two model components with each other. The results show that the energy con-
sumption of adsorption desalination is almost independent of the salt concentration,
which is a standalone feature compared to other desalination methods and allows the
RED membranes to operate at high concentrations for higher electricity production.
Aqueous solutions of the divalent salt MgI2 achieve the best exergy efficiencies up to
30 % at relatively low concentrations 5 mol/kg and regeneration at 60 °C. Monovalent
salts require much higher salinities to achieve similarly high exergy efficiencies as 5
mol/kg of LiCl accomplishes up to 10 %. An increase of the LiCl salinity to 20 mol/kg
improves ADRED’s exergy efficiency to 45 % and energy efficiency of 4 %. In addition,
the investigation was extended to solvents other than water. Water has a high latent
heat of 2400 kJ/kg that decreases the efficiency of the thermal desalination system,
whereas ammonia has a latent heat of 1200 kJ/kg with a similar molar mass and polar-
ity as water leading to high salt solubility. However, the results show that the activity
coefficients of salts dissolved in liquid ammonia are low compared to water. Therefore,
the overall performance is similar, but not favourable in comparison to water.
A second step investigated the performances that can currently be achieved with state
of the art adsorption desalinators and RED membranes. A dynamic adsorption de-
salination model was implemented and fitted to low temperature regeneration results
≤ 60 °C experimentally obtained from the adsorption test rig using silica gel. In ad-
dition, an advanced thermal heat integration process was integrated into a dynamic
adsorption model for the first time. A validated RED model using NaCl ≤ 5 mol/kg
was adapted from the literature taking resistances and permselectivity into account.
Again, the two validated models were combined through salt and mass balances. The
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results demonstrate that the advanced heat integration can enhance the Performance
Ratio of adsorption desalination above 1, which is an important threshold for the pro-
gression of the technology. The overall model reveals that exergy efficiencies up to
15 % and energy efficiency up to 0.55 % are currently possible with ADRED. In a case
study, ADRED was scaled up to be powered by 700 MW waste heat at 40 °C from a
large steam power plant to mitigate the power plant’s thermal pollution. Such a large
waste heat source would require a very large ADRED system of 7300 tonssg that could
generate 2.3 MW net electricity with a net exergy efficiency of 7.1 % and net energy
efficiency of 0.3 %. Moreover, the system would alleviate the surrounding environment
(e.g. air, rivers) from a large portion of the 700 MW waste heat.
Future work
Future investigations are needed to explore and further develop adsorption desalination
and ADRED.
An integrated experimental system should be tested with a small RED stack connected
to evaporator and condenser of the present adsorption test rig. Some minor changes
to the current system would be needed like replacing the evaporator aluminium heat
exchanger with a stainless steel one to reduce corrosion. Although the electricity pro-
duction from the small-scale ADRED would be so little that only a few LEDs could be
powered by it, the system would be an essential proof of concept.
Apart from an experimental ADRED heat engine, novel adsorption materials need
to be tested to improve the efficiency of adsorption desalination.
Ionogels represent a very promising type of adsorption materials and should be fur-
ther investigated. Ionic liquids should be tested in the test rig to investigate their
performance on a system level for the first time. In addition, experimental results are
necessary for model validation. Apart from experiments on system level, the material
properties should be assessed as well. Water sorption processes inside the Ionogel are
not well understood yet, but are essential for a meaningful material design. The ad-
sorption kinetic parameters need to be determined for system modelling as well. Once
these parameters are available, Ionogels can also be applied to ADRED modelling. The
energy efficiency should not improve much, but the system size could be reduced by up
to one order of magnitude.
An interesting addition to ADRED would be the combined production of electricity
and cooling for air-conditioning or refrigeration at the same time. The cooling energy
output would save electricity needed for vapour-compression air-conditioning elsewhere
in the plant, which can be significant. Thus, the overall efficiency would be increased
substantially. SAPO-34 represents a material that can provide cooling without sacri-
ficing any desalination capacity, but requires regeneration temperatures > 80 °C. By
contrast, silica gel has a reduced water uptake in cooling applications due to the low rel-
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ative humidity in the evaporator, which is why silica gel is not suitable for the combined
application. The S-shaped isotherms of SAPO-34 allow the combination of cooling and
desalination at constant SDWP making this an interesting commercial material.
An improvement to ADRED modelling could be the implementation of a multidimen-
sional adsorption desalination model. The lumped parameter, dynamic model is useful
tool for system design. However, the model has certain limitations as it has only three
fitting parameters (overall heat transfer coefficients) and assumes homogeneous tem-
peratures in each vessel and homogeneous water uptake throughout the adsorber bed.
A multidimensional model could be developed to describe the experimental system in
greater detail. It might be necessary to adjust the design of the adsorber beds and
heat exchangers to facilitate the modelling activity. Temperature measurements inside
the adsorber would be necessary to fit the model to non-homogeneous adsorber bed
temperature distributions.
The performance of the adsorption desalinator could be enhanced through system up-







Table A.1: The items used for the Barker’s cell
Item Product
Pressure transducer General Electric UNIK5000
Thermostatic bath Julabo Corio CD-300F
T-thermocouple RS Pro Type T Thermocouple Copper probe 814-0153
Vacuum pump Edwards nXDS 6i
Magnetic stirring plate Hanna Instruments HI 200M
Deionised water machine Elga Centra R200
Pressure display London Electronics Ltd - INT2-P panel meter
T Reader Digitron T202KC
Heater for tape Electrothermal MC5
Balance 1 AND HR-300i
Balance 2 Mettler Toledo XS205 DualRange
Sodium Acetate Sigma Aldrich S2889-1KG
Potassium Acetate Sigma Aldrich 791733-1KG
Lithium Acetate Sigma Aldrich 517992-100G
Cesium Acetate Sigma Aldrich 329827-100G












































































































































































































































































































































































































































































































































































































































































































































































Result tables vapour liquid
equilibria
The results in tables B.4 and B.6 were measured as part of this thesis and are published
as novel solutions by Giacalone et al. [101]. Lithium acetate in table B.5 is an entirely
novel solution. The vapour pressures of pure water in table B.1 were compared to
literature values from NIST refprop [103] to obtain a calibration curve and convert the
temperature readings Texp to Tcorr. In table B.2 an aqueous was measured.
B.1 Validation
Table B.1: Saturation pressures and temperatures of deionised water from Elga Centra
R200. The results are used for calibration and conversion of Texp to the corrected
temperature Tcorr
Salt Cexp [mol/kg] Texp [°C] Tcorr [°C] Pexp [bar] BPE [°C] Φ[-]
- 0 10.2 - 0.0130 - -
- 0 20.1 - 0.0246 - -
- 0 29.9 - 0.0437 - -
- 0 39.8 - 0.0747 - -
- 0 50.0 - 0.1233 - -
- 0 60.1 - 0.1968 - -
- 0 70.5 - 0.3050 - -
- 0 80.9 - 0.4558 - -
- 0 91.9 - 0.6756 - -
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Table B.2: Saturation pressures and temperatures sodium chloride were measured for
validation and training purposes on the Barker’s cell. The results are compared to OLI
electrolytes in UniSim.
Salt Cexp [mol/kg] Texp [°C] Tcorr [°C] Pexp [bar] POLI [bar] Error [%]
NaCl 4.006 10.0 9.9 0.0101 0.0104 2.8
NaCl 4.006 24.8 24.9 0.0270 0.0269 -0.3
NaCl 4.006 29.6 29.7 0.0361 0.0357 -1.2
NaCl 4.006 39.7 39.7 0.0626 0.0621 -0.9
NaCl 4.006 49.8 49.6 0.1036 0.1031 -0.5
B.2 Potassium Acetate
Table B.3: The measured saturation pressures, temperatures and concentrations and
the calculated BPE and Φ for potassium acetate: Part 1
Salt Cexp [mol/kg] Texp [°C] Tcorr [°C] Pexp [bar] BPE [°C] Φ[-]
KAc 2.006 10.3 10.9 0.0120 1.3 1.20
KAc 2.006 20.0 20.7 0.0226 1.3 1.08
KAc 2.006 30.0 30.6 0.0404 1.5 1.19
KAc 2.006 39.9 40.3 0.0692 1.5 1.14
KAc 2.006 50.0 50.1 0.1146 1.6 1.09
KAc 2.006 60.2 59.8 0.1830 1.6 1.05
KAc 2.006 70.6 69.5 0.2836 1.7 1.04
KAc 2.006 81.1 79.2 0.4264 1.8 1.04
KAc 2.006 91.9 89.1 0.6249 2.1 1.11
KAc 2.999 10.7 10.7 0.0114 1.83 1.14
KAc 2.999 19.9 19.9 0.0207 1.86 1.08
KAc 2.999 29.8 29.8 0.0372 2.09 1.12
KAc 2.999 39.5 39.5 0.0637 2.20 1.10
KAc 2.999 49.3 49.1 0.1053 2.26 1.05
KAc 2.999 58.4 57.9 0.1604 2.52 1.10
KAc 2.999 70.4 69.2 0.2694 2.60 1.06
KAc 2.999 81.5 79.5 0.4057 3.31 1.26
KAc 2.999 91.5 88.6 0.5809 3.48 1.25
KAc 4.999 10.4 10.4 0.0097 3.90 1.47
KAc 4.999 20.1 20.1 0.0183 4.01 1.40
KAc 4.999 30.1 30.1 0.0334 4.23 1.37
KAc 4.999 39.9 39.9 0.0575 4.47 1.35
KAc 4.999 50.1 49.9 0.0964 4.77 1.34
KAc 4.999 60.4 59.8 0.1561 5.00 1.31
KAc 4.999 70.6 69.4 0.2375 5.61 1.38
KAc 4.999 81.1 79.1 0.3562 6.05 1.39
KAc 4.999 91.0 88.1 0.5070 6.47 1.41
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Table B.4: The measured saturation pressures, temperatures and concentrations and
the calculated BPE and Φ for potassium acetate: Part 2
Salt Cexp [mol/kg] Texp [°C] Tcorr [°C] Pexp [bar] BPE [°C] Φ[-]
KAc 6.986 9.9 9.9 0.0082 5.82 1.59
KAc 6.986 19.6 19.6 0.0156 5.98 1.51
KAc 6.986 29.8 29.8 0.0290 6.29 1.47
KAc 6.986 40.2 40.1 0.0511 6.88 1.49
KAc 6.986 50.2 50.0 0.0857 7.14 1.44
KAc 6.986 60.5 59.9 0.1391 7.48 1.41
KAc 6.986 70.7 69.5 0.2148 7.91 1.40
KAc 6.986 80.9 79.0 0.3186 8.47 1.41
KAc 6.986 91.8 88.8 0.4762 8.74 1.37
KAc 8.977 19.9 19.9 0.0139 8.04 1.59
KAc 8.977 29.9 29.9 0.0253 8.67 1.59
KAc 8.977 40.3 40.2 0.0447 9.35 1.59
KAc 8.977 50.2 50.0 0.0746 9.78 1.56
KAc 8.977 60.4 59.8 0.1212 10.18 1.51
KAc 8.977 70.9 69.7 0.1891 10.86 1.51
KAc 8.977 81.5 79.5 0.2859 11.51 1.50
KAc 8.977 91.7 88.8 0.4106 12.27 1.51
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B.3 Lithium Acetate
Table B.5: The measured saturation pressures, temperatures and concentrations and
the calculated BPE and Φ for lithium acetate
Salt Cexp [mol/kg] Texp [°C] Tcorr [°C] Pexp [bar] BPE [°C] Φ[-]
LiAc 2.004 10.2 10.8 0.0122 0.9 0.88
LiAc 2.004 20.1 20.8 0.0228 1.2 1.04
LiAc 2.004 29.9 30.5 0.0407 1.3 1.01
LiAc 2.004 39.9 40.3 0.0697 1.4 1.04
LiAc 2.004 50.1 50.2 0.1152 1.6 1.08
LiAc 2.004 60.2 59.8 0.1839 1.5 0.98
LiAc 2.004 70.7 69.6 0.2864 1.6 0.96
LiAc 2.004 81.2 79.3 0.4320 1.6 0.91
LiAc 2.004 92.0 89.2 0.6361 1.7 0.92
LiAc 4.066 10.3 10.9 0.0108 2.9 1.31
LiAc 4.066 20.1 20.8 0.0202 3.2 1.34
LiAc 4.066 30.0 30.6 0.0367 3.1 1.24
LiAc 4.066 40.0 40.4 0.0634 3.2 1.19
LiAc 4.066 50.1 50.2 0.1054 3.3 1.14
LiAc 4.066 60.4 60.0 0.1693 3.5 1.11
LiAc 4.066 70.7 69.6 0.2638 3.5 1.04
LiAc 4.066 81.3 79.4 0.3978 3.7 1.04
LiAc 4.066 92.1 89.2 0.5883 3.8 1.01
LiAc 6.050 30.0 30.6 0.0327 5.1 1.36
LiAc 6.050 40.0 40.4 0.0568 5.3 1.31
LiAc 6.050 50.0 50.1 0.0949 5.3 1.23
LiAc 6.050 60.2 59.8 0.1532 5.4 1.16
LiAc 6.050 70.7 69.6 0.2400 5.6 1.13
LiAc 6.050 81.3 79.4 0.3632 5.9 1.12
LiAc 6.050 92.1 89.2 0.5369 6.1 1.10
LiAc 8.027 40.0 40.4 0.0521 6.8 1.28
LiAc 8.027 50.1 50.2 0.0875 6.9 1.22
LiAc 8.027 60.3 59.9 0.1420 7.0 1.16
LiAc 8.027 70.6 69.5 0.2224 7.2 1.10
LiAc 8.027 81.2 79.3 0.3389 7.4 1.07
LiAc 8.027 92.0 89.2 0.5030 7.7 1.04
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B.4 Caesium Acetate
Table B.6: The measured saturation pressures, temperatures and concentrations and
the calculated BPE and Φ for caesium acetate
Salt Cexp [mol/kg] Texp [°C] Tcorr [°C] Pexp [bar] BPE [°C] Φ[-]
CsAc 2.007 10.3 10.9 0.0120 1.3 1.20
CsAc 2.007 20.2 20.9 0.0226 1.4 1.21
CsAc 2.007 30.0 30.6 0.0402 1.6 1.26
CsAc 2.007 39.9 40.3 0.0690 1.6 1.17
CsAc 2.007 50.0 50.1 0.1142 1.6 1.13
CsAc 2.007 60.3 59.9 0.1824 1.8 1.16
CsAc 2.007 70.6 69.5 0.2826 1.8 1.09
CsAc 2.007 81.2 79.3 0.4289 1.8 1.01
CsAc 2.007 92.0 89.2 0.6268 2.1 1.12
CsAc 4.003 10.3 10.9 0.0109 2.7 1.27
CsAc 4.003 20.1 20.8 0.0202 3.2 1.36
CsAc 4.003 30.0 30.6 0.0362 3.4 1.36
CsAc 4.003 39.9 40.3 0.0619 3.6 1.34
CsAc 4.003 50.0 50.1 0.1029 3.7 1.29
CsAc 4.003 60.2 59.8 0.1644 3.9 1.27
CsAc 4.003 70.5 69.4 0.2546 4.1 1.24
CsAc 4.003 81.1 79.2 0.3850 4.3 1.23
CsAc 4.003 91.9 89.1 0.5664 4.6 1.24
CsAc 6.005 10.2 10.8 0.0092 5.1 1.60
CsAc 6.005 20.2 20.9 0.0176 5.4 1.57
CsAc 6.005 30.0 30.6 0.0314 5.8 1.56
CsAc 6.005 40.0 40.4 0.0540 6.2 1.55
CsAc 6.005 50.1 50.2 0.0900 6.4 1.50
CsAc 6.005 60.3 59.9 0.1446 6.7 1.46
CsAc 6.005 70.7 69.6 0.2253 7.0 1.43
CsAc 6.005 81.4 79.5 0.3409 7.5 1.43
CsAc 6.005 92.1 89.2 0.5069 7.6 1.37
CsAc 8.006 10.2 10.8 0.0083 6.6 1.55
CsAc 8.006 20.1 20.8 0.0148 8.0 1.76
CsAc 8.006 30.0 30.6 0.0270 8.3 1.69
CsAc 8.006 40.0 40.4 0.0470 8.6 1.64
CsAc 8.006 50.0 50.1 0.0783 9.0 1.59
CsAc 8.006 60.3 59.9 0.1261 9.5 1.57
CsAc 8.006 70.6 69.5 0.1966 9.8 1.53
CsAc 8.006 81.2 79.3 0.2981 10.4 1.51
CsAc 8.006 91.9 89.1 0.4375 11.0 1.51
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B.5 Salt mixture: NaCl + LiCl
Table B.7: Experimental results of T and P measurement of an aqueous mixed salts
solution of 2.5 mol/kg LiCl + 2.5 mol/kg NaCl. BPE, aw and Φ are derived from the
T-P measurements
Salts Texp [°C] Pexp [kPa] BPE [°C] aw [-] Φ[-]
NaCl + LiCl 10.3 0.99 3.48 0.79 1.63
NaCl + LiCl 20.0 1.86 3.65 0.80 1.59
NaCl + LiCl 30.1 3.38 4.02 0.79 1.62
NaCl + LiCl 39.9 5.75 4.51 0.78 1.70
NaCl + LiCl 49.8 9.59 4.81 0.78 1.69
NaCl + LiCl 59.7 15.46 5.10 0.79 1.67
NaCl + LiCl 69.5 24.12 5.34 0.79 1.63
NaCl + LiCl 79.5 36.55 5.80 0.79 1.66






During the RED Heat-to-Power Horizon 2020 project meeting in Tilburg in January
2017 it was proposed to use an absorption heat pump to regenerate the concentrated
and diluted solutions coming from the RED membrane.
Absorption heat pumps are thermally driven, where the heat input is usually low tem-
perature waste heat, which can come from industrial processes to provide cooling.
Absorption heat pumps are also used in small scale applications where propane can be
burned to power the refrigeration cycle.
An absorption heat pump has four main components: absorber, generator, condenser
and evaporator. The system operates by using a binary solution of refrigerant and
absorbent as working fluid, which circulates through the system [194]. It is important
that the absorbent has a high affinity to the refrigerant. There are two common fluid
pairs in use, which can either be LiBr and water or water and ammonia.
Two pressure levels are maintained throughout the system. The lower pressure is set
at the saturation pressure of the absorber and it depends on the temperature of the
cooling water and concentrations of the working fluid. The high pressure depends on
the cooling water temperature as well and is set at the saturation temperature in the
condenser.
The refrigerant evaporates in the evaporator by taking up heat from its environment,
which provides cooling. The vapour travels to the absorber driven by the vapour pres-
sure difference in the adsorber [195]. In the absorber, the refrigerant absorbs and
therefore needs cooling to remove the heat of absorption. This is necessary to maintain
the temperature and pressure level in the absorber. The working fluid is continuously
pumped out of the absorber to the generator. The pump increases the pressure from
the low pressure level to the higher pressure level. The generator is driven by low
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grade heat and the refrigerant is desorbed from the solution. The refrigerant vapour
is condensed and flows through an expansion valve back into the evaporator. The ab-
sorbent flow is recirculated through another expansion valve back to the absorber. [196]
The design of the absorption regeneration unit
The proposed design is a simplified version of the absorption cycle as it is shown in figure
C.1. It consists of an evaporator, which can be seen as a desorber and a condenser which
functions as an absorber. The concentrated fluid from the membrane flows through a
preheater and enters the evaporator, where low grade waste heat is applied. A part
of the feed evaporates and leaves the evaporator at a higher LiBr concentration. The
water vapour is condensed and mixed with the low concentration stream coming from
the RED membrane to be further diluted. The simplified design aims to reduce the
complexity of the design.
Figure C.1: UniSim model of simplified Absorption regeneration using highly concen-
trated aqueous LiBr solutions
OLI thermodynamic properties for LiBr
At first the OLI properties needed to be verified. Therefore, the properties were com-
pared with values given in the literature [21]. The accuracy of the vapour pressures
calculated in UniSim by the OLI electrolytes package proved to be very accurate even
for very high LiBr concentrations. The results of this investigation are shown in table
C.1. Hence, the OLI electrolytes package can be used for an the simulations.
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Table C.1: Comparison of vapour liquid equilibria of aqueous LiBr solutions between
the literature [21] and data obtained from the OLI electrolytes package. BPElit is
derived from the vapour pressures of [21].
T C Plit Ref. BPElit POLI BPEOLI Deviation BPE
[°C] [m] [kPa] [°C] [kPa] [°C] [%]
20 9.4 0.87 [21] 14.6 0.84 15.1 -3.8
35 15.3 0.87 [21] 29.6 0.79 30.9 -4.7
40 17.3 0.87 [21] 34.6 0.75 36.5 -5.7
70 15.3 5.62 [21] 35.2 5.56 35.4 -0.5
75 23.4 2.34 [21] 54.9 2.07 56.9 -3.5
100 18.8 12.3 [21] 50.4 13.07 49.1 2.4
105 24.5 7.38 [21] 65.3 7.40 65.2 0.1
Modelling results
Nine input scenarios were simulated in which the concentrations of the concentrate
mass flow remained at a constant molality of 15 mol/kg. All input and output streams
had a constant temperature of 25 ○C. The mass flows of the two streams at low and
high concentrations coming from the membrane were set to 10 kg/h. The result of the
investigation is shown in table C.2.
Table C.2: Results table for the performance investigation of the absorption regenera-
tion. The result is shown in kWh per cubic meter of distillate as the specific thermal
consumption.
# CConc.In CDil.in ṀDist. CDil.out ρConc.In Heat STC
[m] [m] [kg/h] [m] [kg/m3] [kW] [kWh/m3]
1 8 1 2.75 0.77 1400 1.78 643
2 8 4 2.75 2.92 1400 1.78 643
3 8 7 2.75 4.85 1400 1.78 643
4 11 1 1.36 0.87 1515 1.12 816
5 11 4 1.36 3.38 1515 1.12 816
6 11 7 1.36 5.74 1515 1.12 816
7 14 1 0.30 0.97 1614 0.34 1113
8 14 4 0.30 3.84 1614 0.34 1113
9 14 7 0.30 6.67 1614 0.34 1113
The absorption regeneration system has a relatively high energy consumption between
600 and 1100 kWh/m3 depending on the input scenario.
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Three stage MED modelling results
Table C.3: Results for the 3 effects MED system shown in Fig. 4.7 from UniSim
Name Seaw. Brine Dist. 1 2 3 4 5 6
Vapour fraction 0.00 0.00 0.00 0.00 0.04 1.00 0.00 1.00 0.00
Temperature [°C] 25.00 43.27 42.85 79.00 86.47 86.47 86.47 62.57 62.57
Pressure [kPa] 60.00 8.60 8.60 60.00 60.00 60.00 60.00 22.00 22.00
Mass flow [kg/h] 10.00 8.65 1.35 10.00 10.00 0.43 9.57 0.39 9.18
Mole fraction water 0.99 0.99 1.00 0.99 0.99 1.00 0.99 1.00 0.99
Mole fraction NaCl 0.01 0.01 0.00 0.01 0.01 0.00 0.01 0.00 0.01
7 8 9 10 11 12 13 14 15
Vapour fraction 0.00 0.23 0.00 1.00 0.00 0.01 1.00 0.17 1.00
Temperature [°C] 60.00 85.98 40.00 62.58 62.58 62.58 62.72 42.85 62.12
Pressure [kPa] 60.00 60.00 60.00 22.00 22.00 22.00 22.00 8.60 22.00
Mass flow [kg/h] 10.00 0.43 10.00 0.09 9.08 9.18 0.49 1.35 0.15
Mole fraction water 0.99 1.00 0.99 1.00 0.99 0.99 1.00 1.00 1.00
Mole fraction NaCl 0.01 0.00 0.01 0.00 0.01 0.01 0.00 0.00 0.00
16 17 18 19 20 21 22 23 24
Vapour fraction 1.00 0.00 0.00 0.02 1.00 1.00 0.46 0.00 1.00
Temperature [°C] 43.26 43.26 62.12 43.27 43.27 43.92 42.85 85.98 80.85
Pressure [kPa] 8.60 8.60 22.00 8.60 8.60 8.60 8.60 60.00 49.00
Mass flow [kg/h] 0.29 8.79 0.15 8.79 0.15 0.46 0.46 0.10 0.00
Mole fraction water 1.00 0.99 1.00 0.99 1.00 1.00 1.00 1.00 1.00
Mole fraction NaCl 0.00 0.01 0.00 0.01 0.00 0.00 0.00 0.00 0.00
25 26 27 28 29 30 31 32 33
Vapour fraction 0.00 0.02 1.00 0.00 0.30 0.00 1.00 0.00 0.00
Temperature [°C] 80.85 62.12 57.78 57.78 62.12 62.12 85.98 85.98 85.98
Pressure [kPa] 49.00 22.00 18.00 18.00 22.00 22.00 60.00 60.00 60.00
Mass flow [kg/h] 0.43 0.92 0.02 0.89 0.49 0.34 0.10 0.33 0.43
Mole fraction water 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00
Mole fraction NaCl 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Steam
Heat flow [kJ/h] 1290
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Multi effect distillation with adsorption results
Table C.4: STC comparison between MED and MEDAD for different concentrations
of NaCl, Recovery ratios, numbers of effects.
MED MEDAD
# Cf Ts RR N STC RR N STC
[mol/kg] [°C] [-] [-] [kWh/m3] [-] [-] [kWh/m3]
1 0.5 60 0.1 5 220 0.4 11 185
2 0.5 60 0.3 5 167 0.8 11 153
3 0.5 70 0.1 7 193 0.3 13 184
4 0.5 70 0.3 7 134 0.6 13 144
5 0.5 70 0.5 7 122 1.0 13 130
6 0.5 80 0.1 9 180 0.3 15 185
7 0.5 80 0.3 9 117 0.6 15 138
8 0.5 80 0.5 9 106 0.8 15 123
9 0.5 90 0.3 11 109 0.5 17 136
10 0.5 90 0.5 11 95 0.8 17 117
11 0.5 90 0.7 11 90 1.0 17 107
12 0.5 100 0.3 13 103 0.5 19 134
13 0.5 100 0.5 13 90 0.7 19 113
14 0.5 100 0.7 13 85 0.9 19 102
15 1 60 0.1 5 217 0.4 11 184
16 1 60 0.3 5 163 0.8 11 152
17 1 70 0.1 7 193 0.3 13 184
18 1 70 0.3 7 132 0.7 13 143
19 1 70 0.5 7 120 1.0 13 130
20 1 80 0.1 9 177 0.3 15 184
21 1 80 0.3 9 116 0.6 15 138
22 1 80 0.5 9 104 0.8 15 122
23 1 90 0.3 11 108 0.5 17 136
24 1 90 0.5 11 95 0.7 17 117
25 1 90 0.7 11 89 1.0 17 107
26 1 100 0.3 13 103 0.5 19 135
27 1 100 0.5 13 90 0.7 19 113
28 1 100 0.7 13 84 0.9 19 102
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Table C.5: Continuation of table C.4
MED MEDAD
# Cf Ts RR N STC RR N STC
[mol/kg] [°C] [-] [-] [kWh/m3] [-] [-] [kWh/m3]
29 1.5 60 0.1 5 215 0.4 11 183
30 1.5 60 0.3 5 161 0.8 11 151
31 1.5 70 0.1 7 192 0.3 13 185
32 1.5 70 0.3 7 131 0.7 13 144
33 1.5 70 0.5 7 118 1.0 13 129
34 1.5 80 0.1 9 177 0.3 15 185
35 1.5 80 0.3 9 116 0.6 15 139
36 1.5 80 0.5 9 102 0.8 15 121
37 1.5 90 0.3 11 106 0.5 17 136
38 1.5 90 0.5 11 93 0.7 17 117
39 1.5 90 0.7 11 88 1.0 17 118
40 1.5 100 0.3 13 102 0.5 19 135
41 1.5 100 0.5 13 89 0.7 19 113
42 1.5 100 0.7 13 84 0.9 19 102
43 2.5 60 0.1 5 214 0.4 11 184
44 2.5 60 0.3 5 154 0.8 11 149
45 2.5 70 0.1 7 191 0.4 13 185
46 2.5 70 0.3 7 127 0.7 13 143
47 2.5 70 0.5 7 114 1.0 13 128
48 2.5 80 0.3 9 112 0.6 15 139
49 2.5 80 0.5 9 99 0.9 15 122
50 2.5 90 0.3 11 105 0.5 17 138
51 2.5 90 0.5 11 91 0.8 17 118
52 2.5 100 0.3 13 102 0.5 19 138
53 2.5 100 0.5 13 88 0.7 19 115
54 3.5 60 0.1 5 208 0.4 11 183
55 3.5 60 0.3 5 148 0.8 11 150
56 3.5 70 0.1 7 192 0.4 13 187
57 3.5 70 0.3 7 122 0.7 13 143
58 3.5 80 0.3 9 111 0.6 15 141
59 3.5 90 0.3 11 105 0.5 17 141
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Appendix D
Additional information on the
adsorption test rig


































































































































































































































































































































































































































































































































































































































































































D.2 Vacuum leak tests
Background





Where QL is defined as the leak rate in [Pa m
3 s-1], ∆p represents the pressure change
[Pa] of the Volume V [m3] in the time period [s]. [197]
Procedure of the leak tests
The first vacuum test revealed a very large leak rate for all vessels. All vessels re-
turned to ambient pressure within one minute. The leak test revealed a leak rate of
1-2 ⋅ 100 Pa m3 s-1 for all four vessels. The next step aimed at localizing the leaks. For
this a helium leak test was performed at the Scottish Microelectronics Centre (SMC).
The helium leak test indicated large leaks around the main flanges of the vessels, but
the leak rate was too high to localize them precisely.
Sealing the evaporator
It was decided to focus all efforts on the evaporator in order to seal it first. The ex-
periences gained from the evaporator would help sealing the other three vessels. The
evaporator was equipped with an aluminium plate to replace the PEEK lid until the
leaks on the main part of the vessel were fixed. This measure had to be taken to rule
out leaks coming from the heat exchanger and the Giacomini brass compression fittings.
A simple test in a water bucket turned out to be the solution to localise the leaks.
The evaporator was pressurized with compressed air to a pressure of 2-3 bar absolute
pressure and submerged into the bucket, which was filled with water. The photograph
in figure D.1 shows the bubbles formed around the edges below the flange of the evap-
orator.
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Figure D.1: The bubble test of the pressurized evaporator revealed the location of the
leaks
It was found that the vacuum tightness was compromised by the way the stainless steel
sheets were welded together. All welds are on the outside except for the weld connect-
ing the top flange to the main vessel. Hence, the air could travel through the gap and
around the welds. The issue was solved by drilling a hole in every corner and connecting
the outside welds with the inside welds by filling them with welding material to ensure
vacuum tightness. Apart from that the O-rings were replaced with new ones, which
have a larger cross section of 4 mm instead of 2.5 mm. Further tests were undertaken
with and without lubrication of the O-rings with vacuum grease (DOW CORNING high
vacuum grease), which can reduce the leak rate depending on the compression of the O-
ring [198]. It was found that the vacuum grease reduced the leak rate by a factor of two.
Sealing the vessels and heat exchangers of the adsorbers and the condenser
All vessels, but the evaporator have the pressure transducer on the PEEK plate. The
pressure transducer should not be fully submerged into the water bath, which is why
a new aluminium lid was machined for each vessel to perform the bubble leak test. As
expected the vessels were leaking around the flange of the lid as the evaporator did,
because they were welded in the same way. Moreover, more leaks were found around
the welds of the Pfeiffer ISO-KF flanges of the two adsorbers. Consequently, the welds
were fixed in the workshop.
Afterwards attention was paid to the heat exchangers on the PEEK plates. All four
were pressurised with compressed air and submerged in the bubble bath. It was found
that the heat exchangers of evaporator and condenser were leaking from the inside. The
heat exchangers were manufactured externally by RC Racing in Italy. The workshop
fixed the leaking welds, which were identified by the bubble bath test. For this purpose
aluminium weld points were put onto the leaking spots. This was challenging because
the PEEK plates could not be detached from the heat exchangers any more. Later it
was found that a small leak on the top heat exchanger of the condenser was missed. It
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would have been impossible to repair this small leak by welding due to its closeness to
the PEEK plate. The heat of the welding might have damaged the PEEK material.
The PEEK plates were mounted onto their vessels and another leak test was performed
in the bubble bath. The adsorbers and the evaporator passed the test. However, it
could be seen that bubbles were forming around the thread of the Giacomini brass
fitting of the condenser.
Figure D.2: The leaking area on the condenser heat exchanger between the PEEK plate
before resin was applied to the surface
Torr Seal does not bond well with certain plastic materials according to the data sheet
and it is possible that Torr Seal does not adhere sufficiently on the smooth surface
of the PEEK plate to ensure vacuum tightness. Though Torr Seal is a very strong
material and it can only be removed by brute force, but not by a solvent. In addition
to Torr Seal, another resin was identified as a commonly used vacuum sealant.
Vacseal (Vacseal Inc, USA) is a silicone resin, which can be used for permanent repairs
of vacuum leaks as well, albeit its mechanical resistance is much lower. Vacseal is a
single component resin with a low viscosity and can be applied to the surface with a
simple brush. Vacseal silicone resin was applied on top of the Torr Seal layer since Torr
Seal cannot be removed from surfaces. The leaking area was coated in Vacseal. This
process included several steps due to the low viscosity the resin could only be spread
on an even surface. Vacseal was applied to one side of the area and after a few hours
the heat exchanger could be turned so Vacseal could be put onto the next part of the
area. This was repeated until the leaking area was entirely coated with Vacseal. The
following leak test showed that the coating of the area was successful and all vessel
were at a sufficiently low leak rate around 1 ⋅ 10-6 Pa m3 s-1.
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D.3 Characterisation of the system without adsorption
material
Several tests at different temperatures were performed with the system before the
heat exchangers were filled with adsorption material. The aim of the experiments
was to determine the peak heating and cooling input and the thermal losses. The
heat input was assessed through the thermocouples at the inlet and outlet pipes to
the heat exchangers of the two adsorbers. The measurements were performed at hot
water temperatures of 60 °C, 70 °C, 80 °C and 90 °C and a constant ambient water
temperature of 25 °C for cooling. The time for each step of the cycle was set to 1000 s
to ensure steady state was reached. The result of the 90 °C measurement can be seen
in Fig. D.3.
Figure D.3: Temperature curve measured at the inlet and outlet pipe of the empty
adsorber heat exchanger
In the beginning of each heating and cooling period, a large ΔT can be observed which
is probably caused by the low flow rate of 0.3 L/min, which results in a relatively long
residents time of the water inside the exchanger. Right before the target temperature
is reached a kink can be seen in the curve. Apparently, the hot/cold water has gone
through the cold/hot heat exchanger for the first time and reaches the water bath
with a temperature changed by the large ΔT. Hence the water bath has to start heat-
ing/cooling, which happens with a time delay and the cooling power of the water baths
at 0.3 kW is below the cooling energy uptake of the heat exchanger. This can be seen
in Fig. D.3, where the inlet temperature goes up by a few degrees during the cooling
process.
Fig. D.4 shows the heating and cooling input into the system at four different temper-
atures. The energy input for heating and cooling is very similar and between 600 and
1100 W depending on the target temperature of the heat exchanger.
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Figure D.4: Heat input into the system at 60 °C, 70 °C, 80 °C and 95 °C
Fig. D.5 presents the same plot as Fig. D.4, but focuses on the energy input at steady
state conditions in detail. From this plot, the heat losses of the system without any
kind of insulation can be estimated. The heat losses to the environment can be up to
25 W for a hot bath temperature of 95 °C.
Figure D.5: Enlargement of figure D.4 to assess the heat losses when the system has
reached steady state conditions at 60 °C, 70 °C, 80 °C and 95 °C
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D.4 Experimental results part III: copper heat exchang-
ers and silica gel
Heat exchanger material
The thermal diffusivity is an important parameter for the material selection. A high
thermal diffusivity indicates a fast heat movement through the material. The thermal
diffusivity [m2/s] can be determined by the fraction of the thermal conductivity k





Aluminium, copper and graphite were identified as potential heat exchanger materials
as shown in Fig. D.1. Graphite has the highest thermal diffusivity due to its low
density. Graphite is a novel material in heat exchanger applications, which is why it
needs to be considered for the design [199]. No work has been done using graphite
heat exchangers in adsorption desalination and refrigeration. Graphite can be used
in chemically challenging environments like strong acids, but it can cause galvanic
corrosion to metal components due to its high galvanic potential [200].
Copper has the highest thermal conductivity and specific heat capacity are best for
copper. A low specific heat capacity is beneficial for a high performance ratio, because
less energy is dissipated for heating and cooling the mass of the heat exchanger.
Aluminium is an inexpensive material with good thermal properties as it can be seen
in table D.1. In comparison to other metals, aluminium has a very low density, a high
thermal conductivity and an average specific heat capacity. The thermal conductivity
of aluminium is even slightly better than graphite. Although aluminium is prone to
galvanic corrosion as it is only noble to magnesium in the galvanic series [200], which
is why care has to be taken when designing the system.
Aluminium and copper were chosen to be tested as heat exchanger materials material
for the first two sets of heat exchangers. Aluminium represents a benchmark material
as all other adsorption systems in the literature use it, which establishes a good basis
for comparison. In addition, copper was chosen due to its low specific heat capacity to
improve the performance ratio.
Table D.1: Thermal properties of copper, alumnium and graphite [21, 39].
Aluminium [39] Copper [39] Graphite [21]
k W/(mK) 236 401 100
ρ kg/m3 2700 8960 500
cp J(kgK) 840 381 700
α m2/s 1.04 ⋅ 10−4 1.17 ⋅ 10−4 2.85 ⋅ 10−4
The copper heat exchangers were designed to achieve a higher performance than the
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aluminium heat exchangers because of:
• Open design: all 4 sides of the heat exchangers are open, which should reduce
mass transfer limitations.
• Weight: each copper heat exchanger weighs 500 g, which is 100 g less than the
aluminium. Moreover, they can hold 250 g of silica gel that is an increase of 50 g
compared to the aluminium heat exchangers. Thus, the weight ratio is improved
from 3:1 to 2:1.
• Compact design: more space between the vessel walls and the heat exchanger
designed to allow an improved water vapour flow.
• Sensible heat: copper has a cp,Cu = 381 J/(kgK), whereas cp,Al = 840 J/(kgK).
Thus, it takes 55 % less energy to heat up copper.
• Thermal conductivity of copper is 40 % higher than aluminium improving heat
transfer within the heat exchanger. However, the true heat transfer limitation is
between the copper and the silica gel beads. Thus, heat transfer was not expected
to be improved significantly.
Therefore, the heat exchangers were expected to increase the PR, because of the open,
compact design and the advantageous thermal properties of copper. The design stage
of the copper heat exchangers was before the implementation of the basic heat recovery.
However, the heat recovery improved the PR of the aluminium heat exchangers from
0.4 to 0.6, while the SEC analysis showed that PR = 0.8 is the threshold, when the
metal mass of the heat exchangers is neglected and no advanced heat integration (see
section 6.3.2) is powering a part of desorption. Thus, the copper heat exchangers were
expected to lead to a significant improvement compared to aluminium without heat
recovery. With the heat recovery in place the copper heat exchangers were expected to
achieve a 0.6 < PR < 0.8.
Upgrading the system
First tests of the copper heat exchangers revealed a high vacuum leak rate. It was found
that epoxy resin (Torr seal, Kurt J. Lesker, UK) cannot be used with temperature
swings as the expansion of the heat exchanger during heating breaks the resin and
causes new vacuum leakage. The leaks on the copper heat exchangers were identified
by leak test in a water bath similar to appendix D.2. Several leaks were found and
repaired using additional soldering material.
Fig. D.6 shows the result of the final leak test, which included temperature swings.
The pressure stabilised after a first increase and remained constant over a period of
3 h. Based on this result the adsorber was packed with silica gel to proceed with the
performance analysis.
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Figure D.6: A temperature swing leak test
Performance analysis
An experiment in single bed mode was conducted with the copper heat exchanger
filled with 250 g silica gel. The adsorber bed was heated to Tads,in = 80 °C with
Tcond,in = 30 °C and Tads,in = 30 °C in Fig. D.7a. Despite heating with a heat source
temperature of 80 °C and 20 min full cycle time, only 1.8 g of water were produced
within 80 min leading to SDWP ≈ 0.07. (Fig. D.7b, which is well below the experimen-
tal uncertainty. Therefore, the performance analysis was discontinued to investigate
the failed experiment.































































Figure D.7: (a) Single bed experiment with copper heat exchanger. Inlet temperature
of the adsorber and outlet temperature curves of adsorber, condenser and evaporator.
Thot,in = 80 °C, Tcond,in = 30 °C, Tevap,in = 30 °C and 600 s half cycle time.
(b) Water production and heat input of copper heat exchanger calculated from tem-
perature curves and flow rates.
The aim of the investigation was to find out if the copper heat exchangers work properly.
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A thermocouple was placed on the heat exchanger fins to measure the fin temperature
at ambient pressure. The set up can be seen in Fig. D.8a for copper and in Fig. D.8b
for aluminium. It was important that the thermocouple touched the fin, but not the
water tubes inside the heat exchanger. In addition, the outlet temperature from the
heat exchanger was measured as well. The heat exchanger was heated at 80 °C inlet
temperature from the thermostatic bath. The result can be seen in Fig. D.8c. The fin
temperature of the aluminium heat exchanger follows the outlet temperature very well
and is 10 °C below the outlet temperature after 4 minutes, when the heat exchanger
was cooled back to 30 °C, where the fin was cooled faster than the outlet. By contrast,
the fin temperature of the copper heat exchangers did not exceed 40 °C, while the
outlet temperature of the water was 75 °C. The copper heat exchangers malfunction
as heat is not transferred from the water to the fins. If the fins stay cold, the silica gel
remains cold as well, which is why water cannot desorb from the material (Fig. D.7).
Heat transfer limitations between tubes and fins cause the fins to remain cold. The fins
appear to be pushed onto the tubes with no sturdy solders or welds connecting them to
the tubes, which would facilitate heat transfer (Fig. D.8d). There are 14 vertical tubes
times 26 fins resulting in 364 connections and many of them are not easily accessible.
Thus, a decision was made against trying to repair the heat exchangers.
The copper heat exchangers were simultaneously planned to the heat recovery lines.
The performance ratio of the test rig without heat recovery was PR≈0.4. The heat
recovery improved the PR to 0.6, while the maximum PR of the system in this configu-
ration is PR ≈ Lw/∆hads ≈ 0.8, which leaves little room for improvement to the copper
heat exchangers even if they were working properly. Therefore, the focus of phase IV
was laid upon increasing the SDWP with novel adsorption materials.
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Figure D.8: (a) A thermocouple measuring the fin temperature of the copper heat
exchanger.
(b) A thermocouple measuring the fin temperature of the aluminium heat exchanger
(c) Results from set up shown in Fig. D.8a and D.8b. Heat exchanger outlet and fin
temperatures for the copper and aluminium heat exchangers.
(d) Limited heat transfer between tubes and fins causes malfunction.
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Appendix E
Upgrades to the test rig
Additions to the test rig could include:
The heat integration between the two adsorber beds proposed in chapter 6 could be im-
plemented and tested to experimentally proof that adsorption desalination can achieve
performance ratios above 1. In addition, lighter and smaller adsorber heat exchangers
would further improve the performance ratio. The cycle analysis revealed that the con-
denser and evaporator heat exchanger surface areas are both too small for the present
adsorber beds. This issue could be addressed by down-scaling the adsorber beds and
heat exchangers further. If the evaporator heat exchanger is replaced, the new heat
exchanger should be made of stainless steel to be able to test salt solutions in the test rig.
Minor changes could include the replacement of the brass solenoid valves with stainless
steel valves with larger orifices. The current solenoid valves have an orifice diameter
of 2.3 mm, which limits the flow rate supplied to the adsorber beds to 0.3-0.4 L/min.
The flow meters of the adsorber should also be replaced with the same type used for
the condenser that have a scale of 0.1-1.2 L/min. This would reduce the experimental
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